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1. Introduction 

The efficient management of business enterprises is steadily becoming 
more difficult as their size and complexity increases. Because of this 
trend, managers have encouraged the formation of specialist staff 
groups to provide independent and detailed advice in specific fields 
of interest to the company. In line with this development, a new type 
of staff group has recently emerged, with a field of activity known 
as "operations research".^ 

2. Operations research in Ontario Hydro 
The Hydro-Electric Power Commission of Ontario is the official name 

for the publicly-owned electric utility which provides 90 per cent of the 
electric power requirements of the Province of Ontario. Ontario Hydro as it 
is more generally called, serves a territory of some 250,000 square miles 
with direct and indirect customers numbering over 1,800,000. Its assets 
total 2,500 million dollars, and its staff consists of some 16,000 people. 
In operation are 66 hydroelectric generating stations and two major coal-fired 
thermal stations. Under construction are three additional hydro stations, 
two coal-fired thermal stations and two nuclear thermal stations. In 
1959.., 32,300 million kWh were generated with a peak demand of 5.6 million 
kwh and 213 million dollars received from the sale of this energy. 

Ontario Hydro has been making use of operations research for more than 
five years, although some work of an operations research character was done 
before that. The Operations Research Group now consists of a mechanical 
engineer, a mathematician, and an electrical engineer. Originally, the group 
comprised an engineer, a mathematician and a physicist. For most studies, the 
permanent group has been augmented by other staff and line personnel including 
an industrial engineer, an economist, a supply expert,an electronic engineer, 
and a computer programmer. The largest team has consisted of five people 
and the longest study twelve months. The Group, although located in the 
Research Division, works in close collaboration with the manager for whom 
the study is being made. 

In the Group's studies, extensive use has been made of punched-card and 
electronic computers (IBM 650, Univac II) to facilitate the work. Without 
such machines, the scope of the work would have been considerably restricted 
because extensive computation has generally been required both in the 
solution of mathematical models and for data processing. Occasionally, 
TJ See annex for the definition of "Operations research". 
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hand computation using a desk calculator has been found to be more convenient 
and less expensive than machine computation. 

To date eleven operations research studies have been undertaken by the 
Group ranging from the prediction of lake ̂ Levels to the economic scheduling 
of Ontario Hydro's Southern Ontario System. A brief description of three 
of the studies will be given in the hope that they will provide a more . , 
specific understanding of the principles and practice of operations research. 

3. Optimum scheduling of the Beck Complex 
The extensive generating facilities installed by Ontario Hydro at 

Niagara Falls are well known. The total capacity of the Niagara plants 
is well oyer 2 million kW, supplying over one-half of Ontario Hydro's 
generation. Translated into money, the annual output is worth over $65 
million. Translated into human ability, the output is equivalent to the 
muscular energy of 100 million men. There can thus be no doubt of the 
importance of these power sources £nd no doubt of the importance of ensuring 
that they are operated efficiently. A striking feature of the installation 
is the use of pumped storage as a means of storing energy at night \ifaen the 
demand is low and supplying energy in the day-time when the demand is high. 
The arrangement and copiplex structure of the pumped-storage facilities are 
reproduced in figure I. 
(a) Physical model 

In the foreground of the photograph can be seen tiro large generating 
stations, known as the Sir Adam Beck Generating Stations No. 1 and No. 2. 
To the right, is the pumped-storage reservoir with its pumping-generating 
station. At the upper left is the intake from the upper Niagara River, 
from x-ihich water is led .through a canal and tunnels to the common forebay 
of the two Beck stations. Water in the forebay can be pumped by the 
pumping-generating station into the reservoir, or alternatively water, may 
be discharged through the pumping-generating station into the forebay.. All 
of these facilities are conveniently referred to as the "Beck Complex". 

In figure II, some of the "model-making" activities of the operations 
research team can be seen. This diagram is a simplified but quite realistio 
model of the Beck Complex for use in developing a mathematical model. The 

/graphical model 



ST/ECLA/CONF. 7/L. 2.14 
Page 3 

graphical model is more revealing than the photograph (figure I). It is 
apparent from the diagram that the flow through the conduit depends on the 
difference in level between the river and the forebay, and that there is an 
upper limit to the flow. The forebay level can be varied by increasing 
or decreasing discharge through the Becjc plants or by pumping or discharging 
water at the pumping-generating station. Water pumped into storage reduces 
the discharge through the Beck stations and the resulting power output,from 
the Beck stations. Water discharged from storage through the pumping-
generating plant is also discharged through the Beck stations so the water 
is utilized two fold. Also, it should be noted that the efficiency of 
the various stations varies with discharge and water levels. A variety 
of operating combinations are possible. All in all, the name Beck Complex 
is well deserved. 
(b)' Worth of power 

Consider now a, typical daily power demand curve for the Southern Ontario 
System (figure III). As would be expected, the demand at night is low, 
rises sharply in the early morning, remains high until noon then, declines 
somewhat, gradually resuming its increase with a high about 5 p.m. when the 
lighting, heating, cooking and transportation loads reach a maximum. As 
the evening wears on, the demand decreases. 

The cost of producing power follows a somewhat similar pattern, as 
shown in figure IV. The values for worth of power shown in this figure 
are assumed and do not represent Ontario Hydro costs, but the trend shown 
is a reasonable one. At night water-pother resources are adequate to meet 
the dfanand, and the cost of generating power is low. During periods of 
heavier demand, it is necessary to utilize thermal-electric units. For peak 
demands, it is sometimes more economic although more expensive per kilowatt-
hour to buy some .power from other interconnected ppwer companies rather than 
start up thermal-electric units for a short period. 
(c) Dynamic programming solution 

With these two items at hand, a model of the Beck Complex and an 
assumed worth of power, how does one go about deciding the best way to 
operate the stations? "Dynamic programming" is the answer. Space is 
not available here for a review of the theory of dynamic programming, but 
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essentially it is a form of mathematical decision-making that indicates 
the best decisions to make in sequence over a period of time vhen faced 
with the choice of many alternative courses of action. 

In the case of the Beck Complex, the plants are scheduled hour-by-hour 
each day so there are twenty-four decision points when the discharges 
through the stations must be decided. The number of operating possibilities 
for each hour is easily in excess of fifty. Thus the number of ways of 
scheduling plant operations over a day exceeds a billion billion billion 
possibilities. The solution to this tremendous problem, obtainable only 
by dynamic programming, is given in figures V to VII. . 

Figure V shows the discharges through the pumping-generating station 
and through the Beck stations for each hour of the day. The rate of 
pumping or generating is affected by the worth of power so pumping occurs 
during the low-worth period and. generating takes place during intervals 
when the worth of power is high. Note also that diverting water to storage 
reduces discharge through the Beck stations. 

Figure VI shows the effect of the previous discharges on levels in the 
reservoir and in the forebay. The reservoir is filled completely during ,the 
low-worth period and is emptied at various rates during high-worth periods. 
Note particularly the fluctuations in forebay level. The forebay behaves 
as a storage facility, transferring energy from one worth interval into a 
higher worth interval. Thus the forebay level rises during the transition 
from a one-piill period to a two-mill period, and from a two-mill to a four-
mill period. The third fluctuation occurs when the Beck stations are not 
able to discharge from the forebay all the water being discharged from the 
reservoir into the forebay at the maximum possible rate during the highest 
worth period. The level of the forebay rises storing the additional water 
and increasing the head on the Beck plants. 

Figure VII shows the, resulting power outputs from the three stations 
and their combined output. During pumping, the pumping-generating station 
absorbs power from the Beck stations so the combined output is low. As 
would be expected, maximum power output from the stations occurs during the 
peak worth of power. 

The solution shown on the three figures provides the optimum mode of 
/operation for 
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operatipn for the Beck Complex with the particular values of worth of power 
assumed. Work is now continuing on methods of hydro-thermal scheduling 
which will provide accurate values of worth of powê r and thus make possible 
the most effective economic use of the Beck Complex. 

* 

4. Inventory management 
Ontario Hydro is a large consumer of materials and goods ranging from 

pencils to steam shovels. As part of its supply system, a large central 
warehouse known as Central Stores is maintained in Toronto, and more than 
a hundred smaller area warehouses are located strategically throughout the 
Province. In the main, both types of warehouse carry stocks of standard 
items used in substantial quantities. Inventories of standard items 
approximate $5 million at Central Stores and $3 million in the area ware-
houses, , Shipments out of Central Stores are in the order of $15 million 
per year. 

An operations research team was assigned the task of studying all 
phases in the distribution of standard supplies to determine whether sub-
stantial improvements could be made in a system that was already meeting 
Ontario Hydro'd needs with reasonable effectiveness and economy. The team 
began by studying elements of the supply system - purchasing procedures, 
warehouse operations, accounting requirements, information flow, inventory 
theory. Measurements were made of lead times (the times from preparation 
of a purchase order until delivery of goods to Central Stores), frequency 
of orders on Central Stores, purchasing costs,warehouse costs, number of 
unfilled orders, stock levels at Central Stores and at the aprea warehouses, 
transportation delays, and a host of other significant items. Two kinds of 
orders were involved in the study: (l) orders received by Central Stores 
from area warehouses, which are filled from Central Stores' stocks; and (2) 
purchase orders placed with manufacturers by the Purchasing Department on 
behalf of Central Stores. The information collected was studied, cross-
checked, analyzed, discussed, re-analyzed and so on. Finally/a report of 
some 400 pages was prepared summarizing the data .collected, outlining 
analyses, and submitting recommendations, thirty-one in number. With few 
exceptions, the recommendations of the report were accepted by Management 
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after the report had been thoroughly reviewed and discussed, 
(a) Scientific inventory control 

Among the major recommendations was, a proposal that certain scientific 
methods for inventory control be adopted. This particular aspect of the 
study may be of interest because it illustrates two approaches characteristic 
of operations research. First, the solution to a problem in the physical 
sciences was transferred to a problem in business. Second, "simulation 
analysis" proved useful in predicting the effectiveness of the solution. 

Consider for a moment the fluctuations of inventory level for one 
item in an ideal -warehouse operation (see figure VIII). Starting at a 
point where a new shipment of goods is received at the warehouse, the stock 
gradually decreases as orders are filled. When the, stock level reaches 
zero, a shipment of goods previously ordered arrives. The cycle of usage 
and replenishment then repeats. Since in a perfect system, neither the 
rate of usage nor, the lead time vary from cycle to cycle, this is a straight-
forward operation. Is there room for cost reduction? Evidently warehous-
ing costs could be reduced by keeping inventories smaller. Interest charges 
would be lower and a smaller warehouse would result in reduced rental costs. 
But purchase orders would have to be placed more often, so purchasing costs 
x-jould rise. 

Turn now from this business problem to an analogous engineering problem 
illustrated graphically in figure IX, What is the most economical thickness 
of insulation to use on a steam pipe? The thicker the insulation, the 
higher the installation cost but the lower the heat loss. The most 
economical thickness as given by the upper curve in figure IX is that 
thickness whiph results in the minimum combined annual costs of insulation 
and heat loss. 

Similarly, there is an economic order quantity which minimizes the 
combined annual cost of purchasing and warehousing. Purchasing cost as 
used here, includes the costs of placing purchase orders, inspection and 
unloading. Warehousing cost includes building expense, interest on capital 
tied up in inventory, losses resulting from obsolescence, and similar 
expenses. As figure X shows, annual purchasing costs go dowi as the size 
of the order increases. The annual cost of warehousing increases because 

/the average 
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the average stock level is higher. The economic order quantity, shewn 
by the vertical line, is that order quantity for which the combined 
annual cost of purchasing and warehousing is a minimum. 

A formula for calculating the economic order quantity, which gives 
the correct quantity directly, is as follows: 

Y « annual usage of item, in dollars 
P procurement cost per purchase order, in dollars 
H - yearly holding cbst as a fraction of average 

inventory value. 
The influence of this formula on economic order quantities can be 

shown in a hypothetical case. For example, with an annual usage of 
$320,000, a purchase cost of $15 per order, and a holding cost of 15 per 
cent of the average inventory value, the economic order quantity is $8000. 
For an annual usage of $3200, the economic order quantity is $,800; that is, 
for l/100th the usage, the order quantity is reduced to l/l0th. 

Consider a more realistic chart of stock-level fluctuation as shown 
in figure XI. The size of order is equal to the economic order quantity, 
but the rate of usage is no longer constant and the lead time varies. The 
important thing to remember here is that consideration must be given to 
the f act ihat lead times and usage rates are both variable. These variations 
can be taken care of by choosing the right times to place o,rder so that 
replenishment goods mil arrive before stocks are exhausted. 

An item should be re-ordered as soon as the potential stock (actual 
amount of stock on hand together with the amount already on order with the 
manufacturers, less unfilled orders from area warehouses) is equal to the 
re-order level as given by the equation: 

Economic order quantity -

in which 

Re-order level = (L f S j l)W, 
in which 

L average lead time in weeks 
S s safety stock in weeks 

/I -
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I m information delay in weeks 
W a average weekly usage. 
L x W i s the anticipated usage during the period of awaiting delivery 

from the manufacturer; S x W is the quantity equivalent to several weeks' 
usage necessary to take care of variations in lead time and usage; and 
I x ¥ is the quantity required to look after usage from the time that the 
stock level reaches the critical level until the stock clerk finds out 
about it. The re-order level is not constant, but instead varies ,with 
changes in usage, lead time, safety stock level and information lag. 

The correct level of safety stock is important since its magnitude 
will have a considerable influence on the occurrence of shortages. By 
using probability theory, it is possible to determine a reasonable relation 
between the magnitude of safety ¿stock for any particular item and the 
resulting frequency of shortages. 

As for information d elay, consideration must be given to the fact that 
about 102000 different kinds of items are stocked at Central Stores. A 
report on stock levels of these items is prepared weekly. Consequently, 
a stock clerk checking the report may obtain data on stock levels as much 
as a wee}c late. The information delay in this case can thus be taken as 
one week, 
(b) Simulation analysis 

W o — — • : - _...j — — j— — j 3~ i inc rUxco iur cuuiiuiuxi; UI'ucr ijucuioXLy cuiu ic-uiuw JLCVCJ. JUDU U C S U X U C U 

form the basis for the recommended scientific ordering system at Central 
Stores. A reasonable question at this stage would be: How well do the 
results of applying these new rules compare with the results obtained under 
the former system? The new procedures have been in use only p. short time, 
so today's results cannot be compared with yesterday's results. Besides, 
conditions change so t.hat usage rates are d ifferent, and lead times longer 
or shorter than before. The answer to the above question was found by 
using "simulation analysis". 

In applying simulation analysis, ,the inventory histories of a number 
of typical standard items were studied. Their stock levels for each week 
over a three-year period were recorded, requisitions for the items for each 

/week of 
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week of the three years were noted, and lead times for each purchase order 
were found. In carrying out the simulation, the proposed ordering rules 
were then applied to each of these items. The actual stock levels at the 
beginning of the three-year period were taken as the starting points. It 
was assumed that the same orders were received at Central Stores and that 
lead times were the same as in the past. The only difference between 
what actually happened in the past and what happened in the simulation 
resulted from application of the new ordering rules. In the simulation, 
whenever potential stock levels fell to the re-ô der level, a purchase 
order was placed for the economic order quantity. The economic order 
quantity was not constant in these calculations, but was instead a variable 
computed from price levels, usage rates, purchasing costs and warehousing 
costs. All of these factors fluctuated during the three-year period. 
Furthermore, the effects of two weeks', four weeks' and six weeks' supply 
of safety stock were investigated. A valid.comparison was thus obtained 
between actual stock levels during the three-year period and -what £hese 
levels would have been if the new ordering rules had been followed. Figure 
XII is a reproduction of typical computer output data depicting.the simulated 
inventory behaviour of a single item over one year of the three-year period. 

Figure XIII represents a comparison of actual and simulated stpck 
levels for one of the items studied, a specific kind of copper wire. As 
can be seen, the average stock level is lower in the simulation based on 
six weeks' safety stock, and the weeks of shortage are fewer. The actual 
average stock level was 124,OCX) pounds as compared with an average stock 
level of 100,000 pounds in the simulation,, and 17 weeks' actually out of 
stock compared with 5 weeks' out of stock. In fairness to Ontario Hydro 
supply staff, it should be noted that a, strike at one of the major suppliers 
was responsible for the copper shortage, 
(c) Ordering rules for area warehouses 

On the basis of the results obtained with the simulation analysis and 
other f crrp.F of p.rtalysie, the operations research team demonstrated that 
substantial sayings could be achieved through the use of the proposed 
ordering ;rules. For the smaller area warehouses, a simpler procedure was 
developed. The ordering rules proposed for the area stores are as follows: 

/Re-order level 
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Re-order level: orders are to be placed when the stock 
level falls to 1/13 of ;the past year's usage, that is, 
four weeks' average usage. 
Economic order quantity: the order quantities are 
shown in the following table: 
Past year's usage Order quantity 
(Value in dollars) (Weeks' usage) 

0 to 100 52 
101 to 1,000 18 

1,001 to 10,000 6 
10,001 and over 2 
For the area warehouses, lead times are short and rélatively constant, 

since orders are placed on Central Stores. Also, the information delay 
time is negligible. Hence area stock can be permitted to becopie fairly 
low, with dependence on Central Stores for prompt replenishment. In the 
proposed procedure, stock levels drop to four weeks' usage before orders on 
Central Stores are placed, and the order quantity depends on the previous 
year's usage. Where the previous year's usagje was less than $100, a single 
order for a complete year's supply is prepared. Where the past year's 
usage was high, over $10,000, orders are for two weeks' usage. Appropriate 
order quantities are specified for in-between annual usages, 
(d) Centralized data-processing 

In the operation of both systems of inventory control, up-to-date and 
accurate figures are required on stock levels, usage and lead times for all 
items at all locations. Improved centralized data-processing facilities 
and procedures have therefore been established to ensure effective implement-
ation of the ordering rules. Information on the flow of inventories in 
the areas is punched on paper tape and the tape is then mailed to the 
Tabulating Section at Central Stores. . More than five thousand material 
issues are handled each day, with inventory reports prepared at frequent 
intervals for regional and head-office use, 
(e) Special management reports 

A major element in the new system of inventory control is the preparation 
of special reports for all levels of management concerned with the supply 

/operation up 
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operation up to and including the General Manager. These reports provide 
concise and up-to-date information on stock levels, usage, change in stock 
levels, target stocjk levels and potential stock reductions for major 
categories of items. 

Figure XIV, Inventory Management Report, is a sample of one such report. 
The top half of this report gives numerical data on inventories for the 
past month, -while the lower half contains a chart. On this chart is 
plotted every month the inventory control ratio. The ratio is obtained 
from the following expression: 

tj 4.- Actual stock level - economic inventory level _ # Ratl° " Actual stock level X 1 0 0 * 
«. Potential stock reduction nnnf 
" Actual stock level 0 

It >.111 be evident that when the actual stock becomes equal to the 
calculated economic inventory level, the inventory control ratio becomes 
zero. 

An allowance for reasonable fluctuations in usage and stock levels is 
made, by incorporating in the chart control limits of plus and minus 25 per 
cent, When the inventory control ratio falls within these limits, the , 
store may be considered to have attained economic controlled performance. 
When the ratio falls outside these limits, a check is required to determine 
what action is required to bring the store's operations within the controlled 
performance zone. 

The effectiveness of the entire inventory management programme is well 
illustrated by the Economic Inventory Chart in figure XV. While the actual 
figures have been deleted for purposes of public presentation, the strong 
?.nd continuing reduction in inventories, accomplished without any sacrifice 
in quality of service speaks for itself, 

5, Vehicle replacement policy 
When should a vehicle be replaced? This problem is important for 

Ontario Hydro whose fleet consists of some 2,500 vehicles of many types, 
operating under diverse conditions. Although many proposed s olutions of 
this central problem in fleet operations have been published, few survive 
a logical analysis. Also, a policy which has been found to be satisfactory 
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for another fleet will almost certainly not be the best for a publicly-. , 
owned organization such as Ontario Hydro, with different financial object-
ives, tax rates, interest rates and availability of capital. 

The problem of developing a scientific method which would enable the 
Commission to establish the optimum vehicle replacement policy was assigned 
to an operations research team. The team, specially formed, consisted of 
a physicist, a mathematician, and a mechancial engineer, all with research 
backgrounds. The initial step in the investigation of this problem was a 
meeting with the fleet management staff. The nature of the problejn was 
discussed, and tentative objectives and conditions were established, 
(a) Data collection 

In order that a suitable vehicle replacement policy could be developed, 
basic information was needed on such factors as the existing method of 
fleet operation, the types of performance records maintained, the system 
of cost accounting for vehicles, and the level and adequacy of repairs. 
To obtain this information, the team went and talked with central garage 
staff, the accountant of a typical region, some of the field mechanics, 
vehicle users, the cost accountants, the vehicle purchasing agent, and many 
others involved in the complex task of handling a large operation, A H 
sources of data relevant to the study were located and the validity of the 
available information was examined. At this stage, nothing was taken for 
granted and all information was cross=checked wherever possible. 

As might be expected, this survey of fleet operations disclosed many 
aspects which were secondary to the main question of vehicle replacement, 
but on which information was welcomed by fleet management. Although these 
side benefits itfill.not be described, they are mentioned because almost any 
serious operations-research study, in solving tjie main problem, is bound 
to produce valuable information on other issues, 
(b) Analysis of vehicle costs 

After the data and observations obtained from the survey had been 
consolidated and reviewed, the following criterion for the solution was 
defined: "For the typical vehicle in each group of similar vehicles with 
similar usage, the cumulative average cost up to the optimum replacement 
age should be less than the cumulative average cost up to any other 
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possible replacement age," This criterion was subject tp the limitation 
that used vehicles would not be purchased as replacements. In determining 
the total cost of vehicle operation there are many factors which must be 
considered, both direct and indirect. It would be extremely difficult 
from an operational and accounting standpoint to obtain good data for all 
of these. Fortunately, it can be shown that cost factors which change 
directly with time or which vary directly with mileage need not be considered, 
since tjiey will be essentially the same for new and old vehicles in similar 
service. Many costs such as those for licences and insurance are directly 
proportional to t ime, while tyre wear and gasoline and oil consumption are 
directly proportional to mileage. In the absence of specific data, 
accidents were presume/i to be random in nature, with no bias relative to 
new or to old vehicles. 

Eventually, the following factors were selected as being the most 
important in establishing the optimum .replacement age: capital wastage, 
interest, repairs and unserviceability. Obsolescence was included in 
the analysis by the extent to which it was reflected in capital wastage 
values. The costs associated with the factor of unserviceability were 
considered to be those incurred whenever a vehicle is unavailable for service 
because of breakdovjn, Among the indirect costs of breakdown are the 
adverse effect on customer good will, loss of power sales because of service 
delays, and idle man- and machine-hours. These are difficult to express 
quantitatively but t hei,r importance was recognized by inclusion of the 
unserviceability factor. 
((?) Optimum replacement interval 

In applying the various factors mentioned above, it is necessary to 
consider a hypothetical vehicle whose costs are the average for similar 
vehicles in a fleet. A bar chart may be drawn (figure XVI) which shows 
capital wastage, interest and repair costs during each year of the vehicle's 
life; for the moment, consideration of the very real costs arising from 
vehicle unserviceability is omitted. It will be noticed that capital 
wastage (derived from market figures) and interest decrease with age, 
whereas repair costs tend to increase. 'With the same cost data as a basis, 
points may be plotted on the chart, representing the cumulative average 
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cost up to each year of vehicle age. It will be realized that the correct 
replacement p.ge is given by the age which results in the lowest cumulative 
average cost. 

In this diagram, based on purely arbitrary figures, the optimum 
replacement age is six years, although the hypothetical vehicle had its 
lowpst annual cost in the fourth year. For a complete solution, the chart 
must be re«-drawn, with unserviceability costs added. The optimum replacement , 
age can then be established under the four factors considered. This has 
been done in figure XVII, where unserviceability costs in each year of the . 
hypothetical vehicle's life have been added to the other significant costs -
capital wastage, interest and repairs. The optimum replacement age is 
found here to be five years,, since the cumulative average cost is a minimum 
for this replacement policy, 
(d.) Dynamic replacement policy 

This system of determining the optimum, replacement age has one major 
drawback in that it requires data extending back over several years. With 
the rapid changes that have characterized our economy, former salvage ,values 
and repair costs are unreliable as a basis for predicting future costs. 
Fortunately, it is possible by a dynamic method to circumvent these difficult-
ies and to obtain a solution which exhibits both current capital wastage 
and current repair costs. The basis for the method is as follows: 

1, For each group of similar vehicles with relatively equal mileages, 
the costs of capital wastage, interpst, repairs and unserviceability 

, are obtained for the past year only, 
2. The optimum replacement age for this group is then determined̂ as 

already outlined,except that the following assumption is made: 
costs expected for each future year of a vehicle's life are best 
represented by the corresponding costs incurred in the previous 
year for similar vehicles of equivalent age. For example, the 
average repair cost last year for trucks then in their third year 
of service, is used to predict future costs in the third year of 
truck life. 

It is then possible to plot graphs showing optimum replacement age. 
The parameters are vehicle age and average mileage per year. The curves 

/will all 
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will all be based on the most recent data, less than one year old, and, 
provide fleet management with a clear-cut basis for replacement policy. 

Another feature of the analytical system lies in the form of the data 
on repair costs. This, has been organized for the detection of significant 
changes in repair costs. By the use of appropriate statistical techniques, 
it is possible to assert whether repair costs are attributable to changes 
in garage operations, or are merely due to sampling error. Also, the 
control system permits the detection of, "lemons", that is, vehicles whose 
repair costs greatly exceed the average, 
(e) Implementation 

The vehicle replacement policy outlined was adopted some years back, 
but its implementation required extensive changes in the existing methods 
both of collecting and of analyzing data on fleet operations. Effective 
utilization of the new policy has now been achieved, and present indications 
point conclusively to the realization of substantial savings in the cost 
of operating Ontario Hydro's fleet. 

Figure XVIII shows .some actual results obtained in 1958 for two classes 
of vehicles in the fleet. The usefulness of the analysis in helping fleet 
management decide on the most satisfactory replacement age is clearly 
evident. The decision in these two cases «¡as five years and eight years 
respectively as the optimum replacement ages. The ten-year figure as 
indicated by the analysis was not used because there were relatively few 
vehicles in the older age groups; cost data for these years were therefore 
somewhat imprecise for use in forecasting future costs. 

Practical experience vri.th the policy has emphasized the need to 
eliminate costs in excess of those at the economic replacement, point which 
applies idiere there are a fixed number of staff and facilities. In this 
situation a realistic evaluation of the costs associated with the economic 
replacement point, relative to predetermined standard costs, may well 
indicate that the cumulative average curye should be lower for the entire 
life of the class of vehicle represented, 

6, Conclusion 
The three studies described above are typical examples of the way 

/operations research 
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operations research has assisted Ontario Hydro management in solving 
complex operational problems. Electric power companies are often faced 
with a need for objective and comprehensive analyses to facilitate important . 
decisions and for scientific procedures to optimize specific major operations. 
In such cases, management should give serious consideration to the advisabil-
ity of employing operations research as an alternative to othpr methods 
of study such as departmental assignments or committee panels. 

/ANNEX 
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A N N E X 

Definition of operation research 
Operations research is a fairly new field which requires defini-

tion. It must be realized that the definition of broad scientific 
fields is not easy; for example, adequate definitions of "physics" 
or "chemistry" are not readily obtainable. The oldest and most 
widely-accepted definition of operations research is by C. Kittel, 
an early practitioner, who states that, "Operations research is a 
scientific method for providing executive departments with a quantitative 
basis for decisions." 

The following more pragmatic definitions has been proposed by 
E. 0. Boshell, Chairman of Westinghouse Air Brake: 

"The process of analyzing and probing into business and 
its environment is a fcrm of research. When this 
process involves the use of recognized scientific methods, 
it satisfies my understanding of operations research," 
As these two definitions may suggest, the essential diference 

between operations research and other scientific research is in the 
phenomena being studied. 

Instead of studing nuclear reactions or electronic emission or 
plant hormones, the scientist is concerned with the behaviour of 
men and machines at work, with a business activity, with a pattern 
of industrial production. 

Typical operations research projects 
One way of providing an insight into the fields of operations 

research activity is to examine the titles of some recent papers 
in operations research: 

"Purchasing Raw J&terial on a Fluctuating Market" 
"linear Programming Solves Gasoline Refining and 
Blending Problems" 
"On the Determination of Optimum Reserve Generating 
Capacity in an Electric Utility Service" 

/ " S h o c k W a v e s 
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"Shock Waves on the Highway1' 
"The Travelling Salesman Problem" 

This title refers to a situation in which a salesman or 
travelling exhibit must' visit a number of cities in the 
course of an assignment. The problem is to find the 
route which minimizes the total distance travelled. 

"On the Optimal Allocation of Limited Resources" 
"System Reliability as a Function of System Age: Effects 
of Intermittent Component Usage and Periodic Maintenance" 
"Queueing with Impatient Customers and Indifferent Clerks" 

This study deals with a common problem - a queue -which 
will repel prospective customers if it gets beyond 
a certain length and clerks who pay no attention to 
the order in which customers arrive. 

"Research in Financial Planning and Control" 
"Application of Servomechanism Theory in the Study 
of Production Control" 
"The Effect of Promotional Effort on Sales" 
"A ilodel for the Allocation of Raw Materials to 
Blast Furnace Plants" 
"Criteria for the Selection of Water-Resource Projects" 

Characteristics of operations research 
The above titles can of course only give a glimpse into the wide range 

of military and business activities which form the subjects of operations 
research studies. What else is there, besides the subject, that characterizes 
operations research? 
(a) Staff 

,0ne characteristic will be the type of person who finds himself in thi? 
field. He will almost inevitably have a scientific background in engineer-
ing, physics, biology, mathematics, chemistry, or some other technical fj,ejLd. 
Occasionally, an economist, psychologist, or accountant will be found here. 
These scientists will be well qualified. Their academic training will 
generally extend well beyond the bachelor1 s degree. They will have spent 
several years with government or industry on research and development 
projects. Thus, before becoming involved in operations research projects, 
they will have demonstrated their ability to handle difficult problems in 
their particular scientific fields. Furthermore, they will have deeply 
imbedded in them the characteristics of any first-class scientist or engineer,, 
a sense of curiosity, a respect for measurement, and a passion for objectivity. 

/(b) Organization 
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(b) Organization • 
TJie form of organization for operations research is another essential 

aspect. Operations research is almost always carried out on a team basis, 
with members of different scientific backgrounds devoting full time to the 
project, . The diversity of talents enables the team to survey a problem from 
many view-points, ensures that all the skills required to solve the problem 
are available, and encourages critical analysis of possible solutions before. 
submission to management. Often, the team is enlarged and made more effect-
ive by the addition of a line man familiar with the actual operation being 
studied. In any event, close liaison with the manager in charge of the 
operation is always essential to ensure that the team's terms of reference ar,e 
precise and adequate, and to provide management guidance on matters of policy. 
There must always be mutual respect and confidence between manager and team. I 
Once the problem is formulated, the team must be given freedom to obtain all 
necessary information anywhere in the organization and time enough to digest 
and analyze the data. 
(c) Techniques 

The third element characteristic of operations research lies in the 
techniques employed in the solution of business problems. Any or all of the 
mathematical and experimental procedures that might be employed in a purely 
physical problem are available. The technique usually found necessary first 
in any study is the statistical collection and analysis of data. The data 
will include both financial and operating aspects. Sampling and probability . 
theory are often useful at this stage in enabling useful results to be obtain-
ed from limited information. Later on, "model-building" will be used in. dev- . 
eloping a physical or mathematical analogue of the business system under study. 
Although models are frequently used in scientific and engineering work, the 
term "model" is rarely usedj instead we refer to such familiar items as 
equations,, Ohm's law, valve diagrams and flow charts without thinking of them 
as models. . 

. Another technique quite recently developed is known as "linear programm-
ing." This is a mathematical procedure for finding the best solution to 
certain linear problems. One typical problem involves finding the lowest-
cost acceptable mix of several different raw materials with different purchase 
costs and different compositions. There is the reverse problem of which 

/components to 
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components to produce in a refinery from given batches, of petroleum so as 
to obtain the highest profit from the refined products, 

A fairly old technique, but one in, -which considerable advances have 
been made recently is "queueing theory". This form of analysis first 
proved useful in the design of telephone switchboard equipment -which would 
be adequate to meet anticipated customer demand. Queues are a frequent 
occurrence throughout society - in restaurants, at airports, in factories, 
on the highway, everywhere, Queueing theory will help in deciding how 
many clerks to hire, how many runways to build, how many maintenance men 
to hire, and so forth, A very repent and powerful addition to queueing 
theory is the "Monte Carlo" method. Almost any variety of queueing problem 
can now be solved at reasonable cost, by combining the "Monte Carlo" method 
with high-speed electronic computerà. 

The "transport method" is another techique that is being widely accepted 
because of its direct usefulness. This method will provide the most economic 
arrangement of shipments from factories to warehouses, or from warehouses 
to customers, or f rom oil fields to unloading ports. Required data 
include the amount of material available at each originating point, the 
amount required at each destination and the freight or shipping costs between 
each origin and destination. 

There are other techniques available such as "dynamic programming", 
"simulation analysis", but as already mentioned, an operations research 
team will make use pf any mathematical or physical process applicable to 
the problem at hand. In fact, teams have been knovjn to successfully use 
nothing more complicated than ordinary arithmetic when faced with highly 
complex problems. 

The use of mathematics should not be considered as a revolutionary 
means of solving business problems, but rather as one way in which the ,team 
may prefer to express a problem so as to better understand and solve it. 
As a result of their scientific training and research background, the 
members of the team will inevitably analyze any problem in an objective and 
flexible way. They vail search, in a free and unfettered interchange of 
ideas and analysis, for that element of "truth" which will enable them to 
arrive at a sound recommendation, 

/To the 
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To the maximum extent possible, recommendations will be based on 
a quantitative assessment of the situation and a quantitative estimate 
of the results to be derived from implementation of the recommendation. 
The manager then synthesizes the team's analysis with truly intangible 

« 
factors - politics, morale, tradition - to arrive at his final decision. 
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O P T I M U M S C H E D U L E O F D I S C H A R G E S 
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MODEL OF IDEAL INVENTORY BEHAVIOUR 





F IGURE 9 
OPT IMUM T H I C K N E S S OF T H E R M A L INSULATION 
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GRAPH ICAL I L L U S T R A T I O N O F ECONOMIC ORDER Q U A N T I T Y 
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