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PLATE 8 Medium height racking served by PLATE 9 A two tier pallet pick up and deposit station
high rack stacking trucks situated at the end of the racking aisle



(Photograph by courtesy of Demag Material Mandling Ltd)

PLATE 10 Stacker crane operating in a high-bay racking

structure




TABLE 15B percentages of total annual cost in high-bay warehouses

Breakdown between building, equipment, labour and control system

Company code No. Building costs Equipment costs Labour costs Control system
costs
3(3) 40 39 10 11
7(2) 24 60 7 9
12B 19 42 24 15
16H° 29 27 39 5
16L° 25 22 50 3
17 32 59 4 5
18 9 41 44 6
21° 13 16 66 5
22 32 46 18 4
24 18 56 18 8
29° 22 53 22 3
32H° 13 33 38 16
Average
(no order-picking) 26 49 17 8
Range
(no order-picking) 9 to 40 41 to 60 7 to 44 4t 11
Average
(with order-picking) 20 30 43 7
Range
(with order-picking) 13to0 29 16 to 53 22 to 66 3to16

* System includes order-picking.

All costs used are ‘uniform’.

3.4.3.

companies to take the big, broad look at their overall distribution as well as warehousing system
to see whether the interface between the two could not be redesigned to accept multi-shift
working, and to look at cost models of the alternatives before committing themselves to any one
method of operation.

Breakdown of cost in conventional and high-bay warehouse systems

The observations in the preceding sections refer broadly to the overall picture of the rotal VPI's.
It i1s of interest to look in a little more detail at the breakdown of cost.

Tables 14A and 14B show the breakdown of the total annual ‘uniform’ costs between main
costs centres, and Tables 1SA and 15B show the breakdown of total annual ‘umiform’ cost
between (a) and building plus allocated services, (b) equipment, (c¢) labour plus supervision and
(d) control system.

Average values are shown but they must be treated with caution because the spread of results
Is large in nearly all categories of cost.

By far the greatest costs lies in the main storage cost centres, followed by.unlqading, which
suggests that these areas are the ones which should demand partlculgr attention in the general
analysis of warehouse system costs. When order-picking is mgluded In .the system, it represents
up to a third of the total cost and must also rate for priority attention in cost analysis and

control.

For high-bay systems (Tables 14B and 15B) there appears to be a shift ofcostg from unloading
and order-assembly activities into main storage and control system of the high-bay systems.
When order-picking and order-assembly activities are present, a greater percentage of total cost
appears to be present in these activities in the high-bay systems.

The proportion of cost attributable to warehouse process control systems IS relatjvely gmall
and it appears to be more important when selecting a control system that it shoul(_j give fellable
operation to ‘design’ specification, without commissioning difficulties, than that its initial cost

should be very low.

Nevertheless, the cost of the control systems for many large high-bay systems remains a high
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TABLE 16 Annual cost of stacker cranesin high-bay warehouses as a percentage
of total annual cost

Company code No. Average annual cost of stacker cranes/
% of total annual costs of operating warehouse
3 12
7 11
12B 9
16H 5-5
16L 4
17 23
1B 11
21 5
22 23
24 10
29 13
32H 9
Average 11%
Range 4 to 23%

figure and there is considerable debate currently amongst designers and users whether the extra
costs of employing a completely automatic control system rather than a mechanised one with
several operators in attendance are justified. It is expected that a research programme examining
the cost effectiveness of control systems will be started shortly at The National Materials
Handling Centre to attempt to evaluate various approaches to the control problem of high-bay
warehouses.

It 1s of interest to note that in many examples the ‘fixed’ costs, represented by building,
equipment and control system costs are a larger part than the ‘controllable’ costs represented by
labour costs, on average, approximately 609, to 409/,. This is surprising for systems which are
not highly mechanised.

This suggests that in some examples, there i1s less potential opportunity for sweeping cost
reduction by mechanising at the expense of direct labour than might be expected, and this
might make some difficulty in justifying such mechanisation on the grounds of unit cost reduction
alone.

As might be expected, a change to a high-bay system produces a shift of cost into building and
equipment at the expense of labour. There appears to be only a relatively small reduction in the
proportion of building cost when a high-bay system is specified, the reduction in labour cost
compensating almost entirely for the increase in equipment costs. This is rather surprising; for
example Table 16 indicates that the stacker cranes alone do not represent a very large percentage
of the total average annual cost of equipment. This suggests that whilst there may be considerable
savings in using tall high-bay structures and stacker cranes, these savings can be off'set by not
having corresponding savings in the building, equipment and labour in the other main cost
centres. This may be the reason why some of the high-bay units fail to show a significant overall
saving in unit cost compared with modern conventional warehouse systems, which has been
discussed with reference to Figs. 9 and 10 earlier in this section.

This emphasises the necessity for overall examination of warehouse designs if a long-term
minimum cost solution is required. Whilst day-to-day control of labour costs is vital, the overall
picture suggests that the long-term aim in design and implementation of a warehouse operation
should be to give equal weight to cost reduction of buildings, equipment as well as efficient
utilisation of labour.

It has not been possible for various reasons to publish the details of several direct cost com-
parisons between conventional and mechanised (mostly high-bay) solutions to handling and
storing identical ranges and throughputs of products. Some of these direct cost comparisons
have been carried out by user companies and some at the Centre. In many cases where the high-
bay solution was chosen no cost analyses were carried out to try to check whether the high-bay
solution would be better, cost-wise, than the equivalent conventional warehouse system solution.
This was unexpected and the Centre is currently conducting research work to try to find out
only such detailed cost and investment analyses as do not appear to be carried out at a prelimin-
ary stage between system suppliers and users.



3.4.4.

3.4.5.

The evidence of the several detailed analyses which we have knowledge of is that there does not
appear to be a significant reduction in costs when a high-bay solution is used. Nevertheless,
there may be many excellent reasons other than purely cost ones why a high-bay solution may
be the most suitable, for example, shortage of land, very high throughputs of goods, convenience
of interfacing real time process control and stock updating with general computer services
and production control, etc., or the present and future policy of the company may be to reduce
manpower tn view of general inflation if it is not strictly justified economically at the present
moment.

Summary of results

It seems that a high-bay system is not necessarily more cost efficient than a modern conventional
system; also bear in mind that most ‘conventionals' on the unit cost diagram are operated on one
shift whereas the high-bays are nearly all operated on two shifts, a few on three. Further, if the
costs were recalculated by the ‘annuity’ method the ‘high bays’ would generally look even more
unfavourable by at least 109/ average increase in the unit cost values.

Thus the development of high-bay systems apparently does not necessarily promote lower unit
costs, and it appears that it would be instructive to examine further the areas of cost to find
detailed factors which need the attention of the designer, the suppliers of equipment, buildings
and control systems, and the company’s industrial engineers.

If onc has large throughputs, the system is likely to be cost efficient.
If one has low throughputs, the system can either be cost efficient or cost inefticient.

So the decision to have a high-bay system or not depends on how efficiently the system can be
operated in practice, not only at the time of installation but well into the future.

Future research

The work described in this part of the report represents an early stage in the full development
of systematic cost analysis and planning for warchousc systems.

We have examined a number of handling and storage systems to attempt to find relationships
between the ‘true’ costs of the ‘designed’ and ‘actual’ efficiency of these systems.

We believe, apart from a very few special cases, that the sterling value of the goods handled is
of minor importance in its effect upon the system design and thence the cost of handling and
storing such goods. Therefore, we have ignored the value of stock holding of the goods; the
interest values depend partly on how well stock-levels have been optimised in the systems
surveyed, and in a full financial accounting analysis such costs will be significant and must be
taken into account. For example, if the overall economics of say four regional warehouses are
better than one central regional warehouse, one would expect that the total stockholding of the
four must be greater than that on the one central warehouse and such difterential costs must be
off set against the balances of the handling, storing and transport costs.

We have attempted to isolate high throughput systems from low throughput systems although
in many cases all goods are handled by the same system; this may account in some cases for poor
overall cost performance.

We think the form and shape of the warehouse building has an influence on the handling and
therefore the handling costs; we think therefore that it is unsound to separate building (space)
costs from handling costs.
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4. The assessment of order-picking methods

41. Introduction

Generally, the design of a warehousing system will contain either of these basic facilities:

Handling goods in and out as unit loads, with intermediate storage.

Handling goods in as unit loads. After storage, separating the parts of each unit load and
regrouping them in preplanned orders to be distributed to customers.

In this section we are primarily concerned with the second category and with the various
problems of order-picking and order-assembly, and with investigating the efficiency of the many
varied methods which have been and are still being developed to improve speed of picking and
order-assembly, and just as important to attempting to find the cost efficiency of the various
methods.

It has been shown in Section 2 that it is possible to isolate the elements of cost for the activities
of order-picking, order-assembly and packing in a systematic form. It is proposed to indicate
the means of analysis of such costs in terms of cost efficiency of picking, etc., and to indicate our
progress in the comparison of order-picking cost efficiency.

The VPI’s plotted on Figs. 9 and 10 in Section 3 include only the activities of unloading,
storage and loading of unit loads. Nevertheless, it is known that additional costs of order-picking
and order-assembly can form a very large proportion of the total unit cost.

The discussions in this section will not then be directed towards mechanised or high-bay
systems which are designed for unit load out goods (nearly always pallets), but at the more
complicated systems for withdrawal of unit loads and splitting them down into pre-determined
orders.

The design of such systems will depend on an accurate analysis of the product profile together
with the details of the speeds of order-picking and order-assembly required.

The type of order-picking system selected will depend on a number of basic factors indicated
in Fig. 12.

FIG. 12 Design of order-picking systems—product data requirements
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FIG. 13 An approach to selecting the appropriate methods of order-picking
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The following list includes many of the current methods of mechanised order-picking:

Manual stacker crane, picking from cell storage
Manual stacker crane, picking from live storage
Pre-routed manual truck, feeding to endless conveyors
Manual truck

Manual pick to conveyor

Computer controlled picking tucks

Mechanised live storage and order-assembly
Carousel

Manual pick from stacker crane

Gathering tower

Slave transporter trolley feeding picking hft.

Associated sortation systems (order-assembly) may be:

Tilt-tray

Tilt band

Driverless tugs and trailers
Manual from conveyors.

There 1s a large range of order-picking systems available, whether the system required is
basically a manual one or a mechanised one. The impression gained from this survey is that

when an order-picking function has been required it has been chosen for reasons other than cost
efliciency in many cases.

Designers and users primary concern seems to be to adopt an order-picking system which will
operate without bottlenecks and get the order to scheduled transport without delay. Secondly,
few clients have estimated what their true order-picking costs should be or would be, or have been

FIG. 14 Thetotalcosts of picking one’'item’'—asample of manual and mechan-
ised order-picking systems
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able to compare the relative order-picking costs of different methods beforehand. It seems that
little experience is available as to the predicted costs and unit costs of the many order-picking
methods available for wide ranges of product.

In addition, there appears to be much conflicting opinion as to the most suitable method
wilpin the one company. For example, one very large group of food distributors have adopted a
ma jor plan of putting three completely different systems of mechanised order-picking into three
of their large distribution centres and although this plan has been adopted after several years of

study they have not costed the various methods or have much idea which will produce the best
cost performance (in terms of say unit cost per case picked).

There 1s a tendency to move towards more mechanised order-picking systems for several
reasons:

There is a growing need to reduce labour costs because of the rapid rise in wage rates. This is
even more urgent in the USA where wage rates can be as much as four times those for the
equivalent job in the UK.

Absenteeism, which can be as high as 209, can seriously disrupt a high throughput distribu-
tion centre.

There 1s a general tendency for productivity per employee to go down, for example due to
shorter working hours.

Nevertheless, the capital costs and the running and maintenance costs of many mechanised
order-picking systems are high, and there may be an additional requirement for a small com-
puter to process the orders. The average percentage of order-picking costs is around 30%, of the
total costs in the sample of this survey, whilst the associated order-assembly costs average 17%,.
This underlines again the need to predict the true costs of both these activities for alternative
groups of products and systems before final commitment to design.

Figure 14 shows a selection of total order-picking unit costs collected in the surveys and indi-
cates that a very marked economy of scale may exist. However, although a quantity of data on
order-picking costs and outputs have been collected it is recognised that a systematic study of the

whole field of order-picking and order-assembly methods is required before authoritative con-
clusions can be drawn.

It i1s hoped that an intensive programme will commence shortly at the National Materials
Handling Centre to collect and analyse the true costs of order-picking and order-assembly, to
compare manual with mechanised methods and to attempt to establish which types of system will
give lowest unit costs for order-picking and order-assembly. At the same time a study would be
made of other factors which can aftect adversely picking performance, e.g. fatigue, design of work
places, machine unreliability.
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b. Cost effectiveness of the uniform costing
approach in individual companies — feed-
back from the companies

5.1. The questions

Any director or responsible manager may well pose the following questions before taking action
in reviewing handling and storage costs:

A. It is worth while carrying out the first costing survey in part or all of my organisation?

B. If I do, how long will it take, who will be involved, how much time will be required and
what will be the cost?

C. When | have assessed the results, what potential savings seem possible over the short-term
and the long-term and how does their magnitude relate to the cost of the initial survey?

D. If I am encouraged by any possible justification for more permanent implementation of
new or modified costing systems, what organisational changes will be required, what will
be the eff ect on personnel, can ] budget extra expenses which may be incurred and set them
against accurate predictions of savings in handling and storage? What methods are
available to aid prediction?

5.2. Survey impressions

Unfortunately it is not possible to answer A. Only the person concerned can judge; however he
may be encouraged by the experience of others (see the report by company A on page 49 and
company X on page 50). The benefit obtained by carrying out the imitial survey will presumably
vary considerably amongst different companies; it can only be suggested that the company tries
It.

Referring to B the amount of time required to carry out the initial survey does not seem to be
great in most cases. Probably half a dozen meetings of the investigating team over a period of
several weeks will suffice, with a total of perhaps 25 to 200 man hours collecting and sorting data
behind the scenes. The collation and transformation of results to feed into the simple computer
program takes some hours, the punching of the paper tape one hour and the computer run several
minutes.

The potential savings C, which may be revealed by the exercise of carrying out the survey in a
company, will fall into four categories:

Savings in direct and indirect labour

Savings in equipment maintenance and running costs

Savings in building and allocated services costs

Savings in the warehouse control system costs and possibly in the associated and interfaced
distribution network costs, whether the control of such a network is computerised or not.

S W N

Taking each in turn:

I. This category represents the immediate or short-term area of potential saving. Potential

savings may take the form of looking for ways of reducing the number of personnel and
supervision employed in some or all main cost centres, or by comparing wage rates with
survey or national averages (see Appendix | in Part | of the report).
Note. these rates must be increased by around 3% per annum to bring to present-day
values, and since around September 1969 there have been a round of wage increases which
average much more than 3%, per annum and may be as high as 15% per annum (see Fig. |
in Section ).

Another attack upon costs in this category is to consider whether method study can
simplify manual operations and whether a further stage of employing work-measurement
can be beneficial.

Another key factor to be considered is that of the number of shifts which are worked or



can be worked. The evidence of this survey is that two or three shift working can signifi-
cantly reduce unit costs of handling and storage—perhaps this is a glimpse of the obvious—
but the fact remains that the majority of the companies in the survey only operate on
daywork.

It 1s appreciated that this may be enforced by inability to interface with the distribution
network on double-days or night-shifts, or it may be impossible to recruit sufficient per-
sonnel for these shifts, or there may be other reasons. Nevertheless, this does seem to be an
area which requires further research, and a careful review on the part of any company
engaged upon cost saving and expansion of throughput.

2. This category represents the medium term area of potential savings. These largely will be
achieved by studying the maintenance and running costs of equipment and comparing
them with other users data or by comparison with national standards.

More far reaching, critical assessments of alternative methods and associated equipment
may be carried out, using up-to-date replacement analysis techniques, to establish whether
better equipment could be used and to establish the optimum time of replacement.

3. This category represents the medium and long-term areas of potential savings. It would
iInvolve a critical examination of heating, lighting, insurance premiums etc., and last but not
least the basis upon which the rateable value of the buildings had been assessed.

But an overriding consideration would be whether a new building design would reduce
these allocated services costs. Would the situation justify even a high-bay warehouse
building or a slave transporter trolley system, both of which would require a fresh look
at the detailed costs and return on proposed capital outlay? Perhaps even one large
structure could replace several smaller ones.

4. This category represents a medium- to long-term area for potential savings. It might in-
volve a review and detailed analysis of the existing warehouse control system and/or the
interfaced paperwork systems of selling, ordering, distribution, invoicing, etc. Probably,
O & M methods of investigation would probably be used. in the first instance to establish
what the true requirements of the present or the proposed systems would be. Would a
mini-computer system be justified to operate some or all of the warehouse equipment and
to control location and retrieval of goods, or would it be better both financially and or-
ganisationally to avoid such complications and potential problems?

Such investigations might of necessity cross the interface to the distribution network
control systems and pose similar questions. Certainly, this is the most difficult area to enter,
particularly where the size and complexity of the systems are large. and one where the most
difticulty may be experienced in producing clear-cut economies. The problems of assessing
the economic justifications in the areas where computers are or could be employed are
discussed in Section 7.

Referring to D, the question of how to set up the teams to investigate the economics of
warehouse and distribution networks will clearly depend upon the type of business, its present
organisation chart, its size and complexity, whether or not it already has a work study or in-
dustrial engineering department, whether top and middle management attitudes are rigid or
flexible towards setting up teams which will operate to some extent outside and between existing
departments and groups and whether top management fear it would be upsetting or too costly
to attempt such exercises.

The overwhelming evidence of this survey is that people arc very willing to join the teams to
examine the costs and thence the production performance. The amount of time they have
needed has been modest, and can often be shared between accounting and work-study depart-
ments and the warehouse manager and his immediate staff. For example, the experiences of two

companies are encouraging:

Initial report by Company A

Although the warehouse cost analysis project involved Company A in many hundreds of man
hours of work, they considered it was well worth it from these viewpoints:

1. Their existing costing system was very inadequate, and has now been investigated by the
Management Accountants Department. The cost centres involved in the project are con-
sidered to be entirely logical and can be incorporated with many other proposals for a
better management information system.
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2. Company A have been encouraged to do useful work in finding out what their warehousing
is costing. Factors that were not previously clearly shown are now apparent; for example,
the high costs of mobile handling equtpment became apparent.

The only minor disadvantages found by company A were:

Defining interfaces between cost centres with no easily defined break-point.

Assigning the man hours, equipment and unit loads correctly to one of 10-15 cost centres used
in that warehouse area.

However, both these were easily overcome.

The methods used by Company A in tackling both the large and small warehouses were:

Obtain a thorough understanding of the scheme’s requirements. They thought a one hour
talk to the ‘team’ who would carry out the cost analysis would be useful.

Draw a flow diagram for the warehouse, getting line management to agree to it, thus identi-
fying cost centres.

Decide which sub cost centres and primary costs are applicable to each cost centre. This was
done by discussion with line management or by measurement.

Correctly apportion man hours, equipment, overheads, etc., between cost centres. This was
done by measurement or discussion.

Decide the number of unit load modules, and measure the quantity of each applicable module
for each cost centre.

Put costs to the above and complete the forms.

FFor subsequent routine information, Company A thought that a simpler system grouping
two adjacent cost centres together would be used. This would give line management the basic
information needed, and if deviations were to be investigated, the information used to compile
the original system could be used, or a special investigation made. Company A considered that
generally 6-8 main cost centres would supply routine information quite adequately. Company A
claim that they have rapidly saved far more money than the investigation cost them and are now
using the information to systems design a new handling and storing system.

Report by Company X

Application of the ‘uniform costing system’ to a proposed handling and storage system for
Company X

Company X have decided to move a large part of their existing production, handling and storage
facilities into a completely new building complex a few miles away. The concept of the building
itself was more or less established by the architects before the details of the production, handling
and storage had been settled. The equipment will be operated on two shifts, and it 1s the manage-
ments aim to use the most advanced and economic techniques available.

The design of the handling and storage layouts was left until somewhat after the layout of the
production equipment and was partly in the hands of management consultants. The initial
concepts of the handhing and storage fell into two flows of finished goods, which could be
conveniently treated separately, both as systems and for costing purposes—a high user and a low
user concept. Company X's two systems are:

A. A flow of pallets from the production machines into a live-storage system, employing
stacker cranes for input and output, because the rate of throughput of goods is very high
and only around three days’ stock is held under normal conditions. Then the pallets
pass through order-assembly and are loaded with the pre-assembled goods from system B
into waiting vehicles for despatch to wholesale and retail outlets, System A handles about
907, of the total volume of goods.

B. Pallets of goods are taken from the end of the production machine lines and are conveyed
on hand pallet trucks toa small store, where they await selection and transportation to a
series of order-picking modules, where orders of much less than one full pallet load are
picked, put on to pallets and pass on to be order-assembled with the full pallet loads of
system A. System B handles the remaining 109 of the volume of goods.

Whilst the consultants were investigating alternative types of equipment, the management
asked them what the unit costs of the handling and storage systems would be. They found some




difficulty in answering this question and after some deliberations, invoked the aid of the *uniform
costing system’.

With the agreement of the management, preliminary discussions took place with the warehouse
management who were to take over the systems with the engineers and with the accounts depart-

ment. A team was not set up formally, but in effect, it existed, co-ordinated by the management
consultants.

The detailed costs data was collected in four or five sessions, although most of it was predicted

FIG. 15 Warehouse performance—unit cost diagram
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information. Nevertheless, the team was satisfied that it was accurate enough to be useful and
meaningful. The information was processed by the methods described in this report and presented
for discussion.

The main features which were immediately highlighted were:

Firsily,

(a) The unit cost of system A was good (see Fig. 15). However, the percentage of labour pro-
posed in several of the main cost centres appeared excessively high.

(6) The unit cost of system B was average to poor and the additional order-picking costs
appeared extremely large compared with the general range of VPI's (see Fig. 19).

Further examination of the predicted personnel requirements then showed that very large
economies could be effected in system A, of the order of around £40 000 per annum.

Secondly, a further saving of many thousands of pounds would be possible by mechanising
the system for transferring the pallets from the production machines to the live storage unit.

Tlurdly, the analysis shows up the large costs of the present modular system of order-picking.
This prompted the company’s industrial engineers to look again at the possibility of mechanising
the order-picking system. Such a scheme, if feasible in practice, might reduce the manual order-
picking costs by around 50% for a very modest capital investment.

The unit costs were then recalculated using the corrected data and re-plotted on the unit cost
diagram, showing a significant reduction in the predicted values for both system A and system B.

The whole exercise took only odd hours over a period of several weeks, and was considered
amply justified ; the Board had their minds put at rest that ultimate performance should be good,
the warehouse management had gained knowledge and confidence in getting to grips with the
situation which would be presented to them when they had to take over, the industrial engineers
were able to re-examine important possibilities for the order-picking operation, and the con-
sultants could continue to develop the details of the handling and storage systems in collabora-
tion with the firm.




6.1.

6.2.

6.2.1.

6.2.2.

The cost of warehouse buildings, storage
space and associated land costs

It has been established in previous sections that the true costs of the warehouse buildings and
their associated allocated service costs (e.g. rates, insurance, heating, maintenance) are significant
compared with equipment and labour costs.

It seemed important, therefore to establish the elements of typical warehouse buildings and to
find out how they affect the cost of space, mainly in relation to height and volume of the space
required for various parts of warehouse systems

Another factor, not necessarily directly associated with the costs of the warehouse building
itself, 1s the cost of the land selected as the site for the warehouse. An investigation of the
variation of the cost of land between countries and within the British Isles has been carried out
and its place in the overall costs of warehouse systems is discussed later in this section.

The investigations described in this section were carried out jointly with Mr. E. Kay, Senior
Research Fellow, Materials Handling Research Unit, Cranfield Institute of Technology.

Classification of warehouse buildings

The analysis of the factors mentioned above is not straightforward in the case of warehouse
buildings because these vary considerably in size, shape and specification depending on the type,
volume and densities of products handled, the type of handling and stacking equipment and the
interfacing of the warehouse handling system with any associated transport system. Last but not
Jeast, the individual whims and prejudices of the client, the consultants and the architects may
have a significant effect on the looks, layout and costs of the final building.

Nevertheless, one of the objectives of our investigation was to find any general factors which
might exist and to attempt to quantify them, with the aim of predicting future costs of handling
and storage space requirements.

The number of sections of the warehouse building will depend on the functions present, such as,
unloading, main storage, order-picking, order-assembly, packing, loading, offices, computer
room, equipment maintenance area and spare pallet storage area. The design, shape and size of
each section will vary, but two main categories of structure have developed to accept some or all
of these functions:

(a) Modern conventional structure

This is usually one storey high with heights commonly in the range of 10-30 feet but sometimes
up to S0 feet, and sometimes with mezzanine floors to make better utilisation of space. Good
examples are Freeman’s mail-order warehouse at Peterborough (30 feet high) and Sainsbury’s
new warehouse at Charlton, where good design of a mezzanine floor in parts of the warehouse
has saved space.

(b) ‘High-bay’ structure (known as ‘high-rise’ in the USA)

Here the emphasis is upon increased height in order to obtain the full benefits of mechanised
stacking equipment (e.g. stacker cranes) and to reduce building costs. A further advantage is that
relatively less site area is required compared with the equivalent conventional storage building.

This type of structure is normally only used for the main storage area but in some cases other
functions, order-picking and order-assembly, have been integrated in the equipment and
building design to save space; an example is the new CWS regional warehouse at Birtley.
Another example is the high-bay warehouse at Perkins Engines Ltd. Peterborough, a straight-
forward design with no requirement for order-picking.
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Normally, the unloading and loading functions do not require great building height, so in-
expensive bays to cover these functions are attached to the main high-bay structure.

Specification for a modern conventional warehouse building

Discussions with architects and construction consultants experienced in this field, illustrated the
possibility of establishing a standard specification for a conventional warehouse building, and
the problem was analysed independently with two such groups. The detailed data collected is
exhibited and discussed later in Section 6.4.

The first step was to attempt to produce a standard specification for a typical conventional
warehouse and two such specifications are shown overleaf. They serve to show the many detailed
differences which can occur in drawing up a standard specification for a typical modern con-
ventional warehouse building.

The next step was to establish 32 sets of relative dimensions for the proposed specifications of
the conventional warehouse buildings so that the cost estimates by consultants x and Architects y
would be comparable. These 32 sets of dimensions are shown in Fig. 16.

FIG. 16 Plan for establishing 32 cost estimates of
modern conventional warehouse buildings

Volume \ight
(;nuill’ito? (f\t) 12 24 36 48
_:. 1:1 1:1 1434 1:1
21 3:1 4:1 2:1
1 1:1 1:1 1:1 1:1
4:1 | Sl 1 4:1
4 1:1 TS | 11 11
2:1 q:1 3:1 2:1
16 N 1:1 1:1 1:1
| 3: 1 2:1 4:1 _311 _

THE ENTRIES IN THE TABLE ARE THE RATIOS OF LENGTH
TO DEPTH OF THE GROUND PLAN eg. 1:1 or 4:1

In addition, both consultants and architects who drew them up emphasised that in practice,
other important factors may come into play in acriving at a final design for the warehouse
building many of which might nullify or appose the logic of attempting to produce a building
which optimises the efficiency of handling and storage within 1t. Such factors might be:

Client idiosyncrasies These might be susceptible to a slow process of education.
Limitations of site itself These are of shape, access and foundations.

At present, normal sub-soils do not need special foundations (e.g. piling to take the load of
existing fork lift trucks). Normally, foundations contribute only about 29, to the total cost.
There will be exceptions; for example, Sainsbury's warehouse at Charlton, which had to be on
15 feet of silt.




Standard specification for a modern conventional warehouse building by architects X

Ground Conditions
Services
Foundations

Floor Slab

Frame

Roof Structure and

Coveling

External Walls

Doors

Internal Partitioning

Lighting

Heating

Normal.

Mains. sewers, water and electricity exist to the boundary of the site.
Normal mass concrete foundations with strip footings under external walls,

8” double reinforced floor slab with " monolithic surface suitable for fork lift trucks,
all laid on suitable hardcore beds.

Light steel frame with lattice trusses and stee! purlins for roof deck. All steelwork
galvanised.

Standard galvanised roof decking covered with ” insulation board and two layers of
built up felt roofing and covered with chippings. All to be laid flat but to slight falls.

To be of 41” external facing bricks p.c. £20 per 1000 with a cavity and 4° lightweight
block internal insulating skin, all with necessary wall splitters.

Main doorsto be sliding folding electrically operated shutter doors. Secondarydoors
and any doors in internal partitions sliding folding hand operated shutter doors.

The internal partitioning around the loading bay is of light vertical steel channels
infilled with 2* wood wool slabs held in place by softwood blocking pieces bolted
to steel channels.

Fluorescent lighting set on a suitable grid for stacking.

To maintain a 55°F temperature.

Standard specification for a modern conventional warehouse building by consultants Y

Covered loading docks are required and it seems reasonable to provide the same capacity loading dock for
warehouses of similar total volume. Loading docks should be 16’ clear height x 8" deep with a 20’ sliding
folding door at each end with a bank height of 4’.

A structural grid of say 60’ x 20’ max. ranging down to 50’ x 15’ min. should give minimum cost practical
structures. A normal portal frame in uncased steel (cased stanchions) and cold rolled Zed purlins.

Roof

Walls (external)

Walls (internal)

Roof

Walls

Foundations

Floor slab

Lighting
Heating
Sprinklers

Ignore

Main Warehouse: 2231° pitch with asbestos cement standard six sandwich construc-
tion on purlins at 5’ 6° max. pitch. Glass fibre and nylon translucent sheets in pepper
pot fashion to approx. 5% of roof area. Roof ventilators to approx. 1% of roof area
Galvanised sheet valley and caves gutters. Plastic downpipes.

Main warehouse : Assume 11” brickwork up to 8’ 0° high with Watford tile sandwich
construction above on sheeting rails at 6° 0” pitch. No windows in walls.

Ignore for this exercise.

Loading Bay: Assume metal decking on castella beams 2% domelights and 2%
ventilations,

Loading Bay: As for main warehouse at ends with mechanically operated sliding
folding doors (one each end) 20’ wide x 16” high. Long wall to be 11° brickwork up
to 8’ high with 4’ band of continuous glazing above and asbestos cement sheets above.

Mass concrete min. 4’ deep with bearing pressure of 2T/C.

6“ reinforced concrete on 9” hardcore for 12’ stacking height
127 reinforced concrete on 18” hardcore for 60’ stacking height
(adjust for intermediate cases)

All concrete with float finish and surface hardener,

Assume 15 lumens in warehouse, 10 lumens in loading bay.
No heating to be provided.
Assume full sprinkler protection throughout.

Offices

Cloaks and toilets

Kitchens and canteens

Vehicle parks and maintenance

Gatehouse and weighbridges

Battery charging and power points

Access road and surface drainage (except roofs)
Fire walls, fire doors, means of escape.
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Special piling might add 10%] to the total cost. If the piles are only say 12 feet deep, then it is
not too expensive, but if 30 to 40 foot piles are required it would be. The basic problem in poor
soil 1s the floor slab. For a typical warehouse the centres of the pile caps would be say 25 feet by
50 feet, with the 50 foot dimension subdivided into three with smaller numbers of piles at the
sub-centres.

Other factors, such as planning authority requirements, foundation materials, ground drainage
and site levelling will affect the designs and costs:

Equipment
The chient will tend to look at the worst examples and experience; reliability will weigh heavily.

Ancillary functions
Cloakrooms, offices, bollers, etc. An architect consultant would say they must be in the centre
of the building, which might seriously compromise the efficiency of the layout.

Fire regulations and requirements

Considerations such as fire wall to contain fire within compartments. These regulations can
inhibit flexibility considerably, and additionally, the insurance companies may impose their
own restrictions such as sprinklers. These considerations are touched on later.

Positions of external services
They may influence design.

Comfort conditions for goods and sta f]
Much prejudice is met here.

Maintenance costs
The problem of extra initial capital costs versus long-term day-to-day running costs.

Layout o suit external traffic

This is usually based largely upon hunch, but it need not be with the application of operational
research techniques. However, the new transport regulations may heavily influence the over-
all analysis.

Future expansion plans
DifTerent companies have diflerent policies.

Pilferage

This is an important emotional and practical aspect of many warehouse managers’ thinking in
operating the warehouse. This may affect the design of doors as part of the security precautions,
and a lot of money could be spent on this factor.

Lighting

How many lumens are required ? 25-30 lumens may be necessary. It might be better to evenly
cover around 59/ of the roof area with transluscent sheets; artificial lighting need only be
enough (say 10-15 lumens) to allow a man to read tickets.

Heating

It would be useful in reducing costs to persuade the client to accept no heating of the ware-
house but to radiant heat only the loading/unloading bays. The more automatic you get the
less intelligent it is to heat. If heating is required for the product, then it is better to insulate
with heavy material which picks up heat from the sun in the daytime and gives it out at night.

After this formidable array of factors, some emotional and some practical, it is perhaps not
surprising that the final designs of some warehouse buildings fall somewhat short of ideal,
particularly in respect of containing the optimum shape of storage of the goods or the most
efticient equipment for handling them. Nevertheless, these are factors of importance if both the
initial capital cost and the subsequent running and maintenance costsare tobekept toa minimum.

It should be noted that one specification omits sprinklers but retains means of heating, whilst
the other specifies sprinklers but omits means of heating. These probably roughly cancel one
another out cost-wise.

Discussion of costs of modern conventional warehouse
building

The costs of the specifications tabulated in this section are shown in Figs. 17 and 18. These show
how (a) the initial cost and (&) the initial cost per cubic foot of space vary with increasing height
and increasing volume. The following points are clear from examination of the figures:




INITIAL CAPITAL COST (MILLIONS OF f)

. The cost per cubic foot of space in the modern conventional warehouse building falls

dramatically with increasing height of the structure (for any volume), in one case to around
only one third in increasing the height from 12 feet to 60 feet.

There is some reduction in cost per cubic foot with increasing volume particularly in the
range of 100 000 to 1 000 000 cubic feet total capacity.

. There is a small but significant increase in cost per cubic foot of space in departing from a

square floor plan to one which has a ratio of 2:1 in length to breadth. This increase would
be more marked if the ratio increased to 3:] and 4:1 (these results have not been shown).

. There exists a large difference in the absolute values of cost per cubic foot of space between

the two sets of values submitted by the architects and the consultants. This is intriguing and
important.

FIG. 17 Variation of capital cost (£) with volume and height of a modern
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COST PER CUBIC FOOT (£)

For example, as can be seen from Fig. 18:

(a) The cost per cubic foot at 12 feet building height ditfers by around 100%;.
(h) The cost per cubic foot at 24 feet building height differs by around 25%;.
(¢) The cost per cubic foot at 48 feet building height differs by around 209%;.

Whilst the two specifications differ a little in detail, it is surprising that their respective cost
values should differ so much and by varying proportions, in one case as much as two to one in
value.

FIG. 18 Variation of cost per cubic foot (£) with volume and height of a
modern conventional single storey warehouse
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One possible explanation is that the costs are not so much true costs as reflections of prices.

Traditionally, the analysis of cost of building has been carried out by quantity surveyors who
use their own specialised forms of guoting costs, for example in terms of superficial area of, say,




brickwork or wall and floor covering. Usually, the costs are not broken down into labour and
materials and other factors separately, but an on-cost is added finally to produce a price. This is
often what the market will stand and is therefore a market price. The percentage of this on-cost

(or gross profit margin) will vary very considerably and this will have a significant effect upon
the cost per cubic foot of space.

The cost data assembled by consultants y was used in evolving a formula for the cost per cubic

foot of conventional warehouse butlding space, knowing the height z and the cost parameters
a, B and A. Table 17 shows the formula.

The close correlation between the actual costs produced by consultants y and the costs pro-
duced by the formula.

The values of the parameters evolved from consultants y’s data.
A further set of data which is relevant to this discussion is shown in Table 4 of Part | of this

report which is reproduced on page 60. This shows the variation in overall warehouse building
cost per square foot between twelve warehouse buildings in various parts of Great Britian (not

TABLE 17 Development of cost formula {(developed by Mr. E. Kay) for conventional
warehouses

C = Cost per ft3

Z = Height

v = Ratio of length to depth of floor

N = (u+1)/Vu

V = Free volume

8 + 2bV-iN

A = kN

C =az '+(k+28v-1i24)N

= 3z '482*+ A
C.n = Costs as per formula (new pence =p)
C = Costs submitted by Consultants Y (new pence =p)
N = 2 (square floor plan)
V 4+ iM ™ aM 16M
Z, etc. 4+ C Ch s C Coy C Cuw C Ce
new pence new pence new pence new pence

12 ft 121 121 98 9-8 10-2 10-2 9:15 9-2
24 ft 7-9 7-95 6-9 7-0 7-3 7-2 6-65 6-6
36 ft 7-3 7-2 6-05 5-9 6-05 6-1 5-2 5-3
48 ft 7-1 7-15 5-2 5-25 5-4 5-5 4-65 4-4
60 ft 4.8 4.8 5:2 5:15 3:75 3:70
Values of parameters
A -4:5121 13:8243 11-9298 19-6038
3 310-8971 140-4364 164-0816 95-2766
b 273425 —149:325 —152-750 —1589-300
B 21874 —0-5973 —0-3055 —1-5893

including code number 7 and 12 which are partly high-bay structures) and shows a range of
£2-80 to £6-:00 per square foot with an average of £3:80 sq ft (all 1968 prices).

If an average height of building 20 feet is selected then this is equivalent to around 14-5
pence per cubic foot which is considerably higher than the equivalent values of Fig. 18.

An interesting point which shows up in Table 4 of Part [ is that the costs of building mainte-
nance per square foot per annum at an average value of 18p/sq {t are approximately 1/10 of the
average annual cost per square foot of the building cost if depreciated over 40 years.

This seems to indicate that it does not seem worth while to produce an initially expensive
design with the long-term aim of reducing subsequent annual maintenance.
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Allocated services—cost factors (TABLE 4 reproduced from Part 1)

(Shillings/sq ft except where otherwise stated)

Company

code No. 1 2A 28 4 5 6 7 8 9 10 11 12 13 14 Average

501 Building 3-78 37 1-32 50 6-3 266 5-0 4:88 263 3:56 377 375 40 _25 3-804
cost* 3-5H8

502 Building 0-309 0-104 0-:0796 0-444 0-270 0-810 0-453 0-129 0:272 1-0 0-341 0-147 0-363
maintenance

503 Building 0:921 0-226 0-093 0-054 0:825 0-272 0-465 00515 0-18 0-343
cleaning

504 Building
hire/rental

505 Rates 3:57 4-0 0:073 0-098 20 3-25 35 1-95 0-58 1-20 281 15 2-26 2:25 2:074

506 Building 0-096 119 0:376 0-48 012 0-36 0-27 0:23 0-:06 0-:097? 05 0-155 0115 0-311
insurance

507 Heatingt 0-:0304 0074 0-0500 0:0269 00155 00766 0-0657 0-:099 0-0357 0:0261 0:0488 11 0:018 0-0266 0121

508 Lighting 0031 0074 0-068 0-053 0-044 0-095 0-570 0:091 0:090 0-:0112 0-6 0-095 0-22 0:157

509 Ventilation 0:095 0-095

516 Janitor 0:055 0-515 0-085 0-227 0-276 0-:343 0-26 0-252
service

“Equivalent current initial cost of building in £/sq ft.
tHeating factor given in shillings/cubic f1.

Company No. 3 not shown but with value of 3-5 shillings/sq ft.
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Perhaps the wide vanation in price to build a modern conventional warehouse is not so
surprising, bearing in mind that the Building Research Station have investigated the number of
hours required to build a standard specification of a semi-detached dwelling in Great Britain and

have found this figure to vary from around 600 to 2000 hours. Presumably the final prices asked
reflected these differences in some way.

Mr. E. R. Skoyles of the Building Research Station, has been active for many years in calling
for a review of traditional quantity surveying methods for building construction. He has cease-
lessly advocated the development and introduction of the production approach to replace con-
ventional bills of quantity surveying practice in order to be able to obtain more accurate estimates
of cost, not only in terms of labour and materials but also in terms of relating architects design
to cost and site erection efficiency. He also hopes to improve the specification of materials
handling on site coupled with management planning of the whole job of designing, specifying,
tendering, contracting and erecting a building.

Such general considerations no doubt extend to warehouse buildings, whether they are of
conventional or high-bay design. Basically there would appear to be three main factors which

might be considered in attempting to find a design for a modern conventional warehouse at
minimum cost:

I. Totryto use a design with maximum possible height for a given required volume of storage,
consistent with maintaining efficient handling of the goods inside.

2. To try to use a square floor plan, where this is consistent with optimised handling and
storage design within*.

3. To consider very carefully the price which is being asked in relation to the specification
under consideration, preferably in terms of cost per cubic foot of space.

Where justified, it would seem sensible to adopt simple designs with minimum heating and
finish requirements to reduce the initial capital cost, bearing in mind that the useful life of
warehouse buildings may be shortening in practice because of more rapidly changing require-

ments of the markets for the products being stored, handled and distributed today and in the near
future.

Specification for a high-bay warehouse structure

It was explained in sub-section 6.2 that it may be convenient or necessary to design and build
the main storage volume of the warehouse system to a much greater height than the other parts
of the system, mainly for reasons of cost reduction in building, permitting maximum utilisation

and efhiciency of mechanised handling equipment and to save ground area, which may or may
not be of first-rate importance.

The development of the so called ‘high-bay’ storage structure has passed through several
stages to reach the present state of development and it may well be that it will undergo more
modifications and developments within the next few years.

These stages are:

I. The earliest attempts, for example the book warehouse at Gutteslho, West Germany,
equipped with early stacker cranes in which separate steel racking was provided with very
wide aisles by today’s standards. The racking is not high at some 40 feet and it is enclosed
by a conventional brick and concrete warehouse building.

2. More sophisticated design of the racking to increase the stacking height and to reduce the
aisle widths in conjunction with improved stacker crane design and operation. The racking

Is still free-standing within the building and a number of good examples have been built
in the USA.

3. The combination of the steel racking structure with outside weather cladding to virtually
eliminate the conventional building work. The racking must be more carefully stressed as
it has to withstand snow loads, wind pressure and the greater loads imposed by the greater
stacking heights required to utilise the stacker cranes to their fullest. The increased stacking
heights also contribute to relatively smaller ground areas being required. The racking
supports the entire outer cladding of the building and the cladding may not only give

* A Mathematical Model of a Warehouse, by E. Kay, June 1968,
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TABLE 18 High-bay storage units—a sample of dimensional and cost data

Company 1 2 3 4 b 6 7 8 9
Height of “high-bay’ main storage ft 110 80 1125 61 60 36 465 80 45
unit m 335 25 343 183 1 14-2 14:2 25 14
Length of ‘high.bay’ ft 537 453 478 415 195 212 1735 276 84
main storage unit m 1413 149 1265 59-4 64-6 529 86 263
Width of “high-bay’ ft 131 86 88 135 69 94 20 64 64
matn storage unit m 39-9 26'9 275 305 21 286 6-1 20 20
No. of aisles 7 ) S 8 5 6 2 4 )
No. of cells 14 756 5824 8 960 11 700 5410 2700 870 7 000 2 380
Volume ot main 000 cu ft 7 738 3 355 4 820 2 531 807-3 717 161 1377 215
"high-bay’ unit 000 cum 219 95 1365 717 2286 203 4-56 39 11
Cost of racking only (1969) £ 485370 | 383000 | 510000 | 525 400 73 000 81 350 18 200 89 000 32 940
Cost of building onty (1969) £ 537 660 | 220000 | 378 000 | 350075 | 159470 | 102 650 35800 | 130900 61 415
Cost /cell of building + racking £ 69-3 1035 99-1 75 43 68 62 31 39:6
Cost of ‘high-bay’ building + racking
(1969) £ 1023030 | 603000 | 888000 | 875475 | 232470 | 184 000 54000 | 219 000 94355
Cost/cell of racking only f 33 376 317 45 135 30 (21) 12-7 1385
Cost/cu ft of racking only £ 0-0627 0:0652 0:0590 0-2076 00904 0-1134 01134 00646 0:1532

10 11 12 13 14 16 16
69 88 64 45 57-5 65 95
21 3065 195 14 175 19-8 29
2682 218 167 151 285 528 60
80 68 52 47 86-9 1609 183
41 30 96 51 80 97 60
L - 93 30 16 4-9 296 18-3
3 2 4 3 5 9? 1
(2 733) 2 850 3 800 4000 | (6120) 10670 3 794
5 466 12 240
7416 684 1102 168 1311 3 329 342
21 1937 312 4-76 37-12 9427
109370 ? | 125 000 20 830 71875 | 208330 95000
55730 ? 20 000 47 500 | 332490 93000
304 400 38 17 66 49-5
165100 | 115000 | 145 000 68 330 | 404 365 | 524990 | 188 000
20 ? 32 52 21-75 1952 25
01475 ? 0-1134 0124 0-28 0-0626 0-28
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TABLE 19 High-bay storage units—a sample of dimensional and cost data [contd.]

Company

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
% utilisation of storage cube (ratio of
rack storage to total W/H vol.) 66% 66% 66% 63% — 63% 60% 58% 56% 65% 63% 60% 53% 56% 55% 90%
(D) Total cost/cu ft 0-132 0117| 0-117 0-346 0-29 0-25 0-33 0-16 0-44 0-22 0-158 013 0-41 | 0-31 0-158 0:55
cost/cu m 4-67 4-15 4-15 12:2 10:24 8-83 11-6 565 15-54 777 53 4.6 145 1109 194
Cost of land £/sq ft 0-298 0-117 — 0177
f/acre 13000 |5096-5 — 8 000 — 8 000 8 000 — — — 7710 —_ — 417 -— 8 000
(C)Cost of land for £/sq ft 0-00270 000176 0-:0016
area of high-bay £/cum 0-0953 0-0565
Ratio C/D % 2:0% 2:0% 0:5%
Location UK w w UK UK UK UK Switzer- | Switzer- W Switzer- W w USA USA UK
Germany | Germany land land Germany| land Germany | Germany
Is order-pickingincludedin the Yes Yes Yes but Yes Yes Yes Yes
warehouse system 7 O/PG not
inciuded
Racking integral with the building Yes Yes Yes Yes Yes Yes Yes Yes No Yes Yes Yes No No No




TABLE 20 High-bay storage units—a sample of dimensional data

Company 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16
No. of ditferent unit ioads 5 5 3 4 2 1 1 2 ] 2 1 1 2 1 1
Unit ioad with

inches 79 99 72 48-5 48 24 315 31-5 31-5 394 47-25 315 44 54 48

mms 2009 2500 1829 1219 1218 609 800 800 800 1000 1200 900 1117 1371 1219
*Unit load depth (into racking)

inches 54 57 48 22 40 40 47-25 47-25 47-25 47-25 39-4 47-25 54 46 40

mms 1372 1700 1219 558 1016 1016 1200 1200 1200 1200 1000 1200 1371 1168 1016
*Unit load height

inches 64 87 36 41 60 30 61 35'5 394 65-75 59 31-5 68-5 52 60

mms 1626 2200 914 1041 1524 762 1550 900 1000 1670 1500 800 1524 1320 1524
*Unit load volume (including pallet) .

cu yds 5-85 122 2666 0-9376 | 2:469 0-673 1-946 1130 1-255 2:621 2-354 1-004 2:334 2-765 2-469

cum 4-48 9-3 2039 0-7168 | 1-887 0-472 1-488 0-864 0-960 2-004 1-800 0:768 1-784 2114 1-887

*Unit load weight (max.) (including pallet)

Ibs 3000 5600 2600 ? 4480 1120 2205 3968 1764 1102 2205 2205 2000 3000 4500

kgms 1364 2540 1270 2032 508 1000 1800 800 500 1000 1000 816 1361 2040
*Unit load density

lbs/cu yd 513 — 975 978? 1814 1814 1133 351 1405 420 936 2196 771 1085 1822

kgms/cu m 304 — 578 580 1076 1026 672 2083 833 250 555 1303 451 643 1080

* Where more than one size, largest runner is taken.



£ PER CUBIC FOOT

complete weather protection, but if so designed will provide adequate thermal insulation
for all, or at least the great majority of, the year.

4. The current developments which include even higher utilisation of space such as the slave
trolley transporter system, the use of reinforced concrete pre-cast modules and even more
careful design and stressing of steel racking structures to reduce material usage and
thereby cost.

At the same time, it i1s of growing importance that the fire detection and control systems should
be integrated with the structural design from the start, particularly with intermediate-level
sprinkler systems. Tables 18, 19 and 20 give some data on a sample of high bay storage units in
several countries. The largest by volume is approaching the 10 million cubic feet size, and heights
are now up to 100 feet.

FIG. 19 High-bay warehouse units—variation of initial cost/cubic foot of total
volume with size
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Figure 19 shows the total cost per cubic foot of high-bay space and also the cost per cubic
foot of high-bay racking plotted against the size (volume) of the various high-bay storage units.

It is interesting to note that:

(a) It appears that it is likely to be significantly more costly to build high-bay racking as a
freestanding structure within a separate building, because the cost of the high conventional
building is relatively high. This confirms that modern design of high-bays in which the
racking is an integral part of the building is significantly cheaper, although the cost starts
to rise steeply when the total volume of the storage unit is less than approximately 13}
million cubic feet. A frequent comment made in connection with the decision to build a
high-bay warehouse is that it was necessary because of shortage of land; whilst this is
undoubtedly true in most cases, there is often an implication that this is a justification for
saving money by using less land. This may be misleading and even dangerous, for far
more money is in the balance if the high-bay is not the best and most efficient system
design for the particular goods handled and the operations involved. This is another
factor which must be considered in the complex process of decision-making as to which
design of warehouse should be ultimately selected.

The bearing that the land has upon the decisions is further complicated by the fact that
the land will often be an appreciating asset. Often competing demands exist for the surplus
land between production/factory interests and warehouse/distribution interests, and the
demand by production for more space to expand wins the day. I't seems important for the
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warehousing(distribution organisation to beware of accepting a high-bay approach
purely for these considerations without at least examining whether its operating costs and
efliciency will be adequate when the high-bay is in regular use.

(b) The integral racking accounts for approximately half of the total cost. Again, the relative
costs climb steeply below I million cubic feet.

(¢) There do not appear to be any marked economies of scale of 2 million cubic feet. The
designer can take the view that to go very large will not produce additional striking savings
in high-bay building cost.

(d) The results give a reasonably accurate price per cubic foot and per ‘cell’ for high-bay
storage units (based on 1969 price levels).

FIG. 20 High-bay warehouse units—variation of initial cost/cubic foot of total
volume with height of racking
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Figure 20 shows the total cost per cubic foot of the high-bay structures and also the cost per
cubic foot of the high-bay racking plotted against height of the high-bay unit.

It is interesting to note:

(a) The cost per cubic foot reduces steeply between 40 feet and around 100 feet in height.
After 100 feet, it levels off, suggesting that to build much over 100 feet is unlikely to pro-
duce any worthwhile relative cost reductions.

(b) The ratio between ‘racking only’ and ‘building only’ costs does not appear to alter with
height and remains at approximately 50: 50.

(c) The results from Figs. 17 and 18 have been plotted on Fig. 20 and indicate that the high-
bay structure only begins to show cost advantage over around 60-70 feet. This suggests
that it may be relatively uneconomic to design and build high-bay structures in the range
of around 4060 feet in height. Bearing in mind the comments on the data collected for
Figs. 17 and 18 earlier in this section, it seems that more research is needed to clarify ab-
solute values of cost per cubic foot of storage space and per storage position. In fact this
research has now been resumed at the National Materials Handling Centre.

Figure 21 shows the variation of the total cost per cubic foot of high-bay storage space with
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the density of the unit loads stored. This suggests that one gets more for one’s money by using
heavy unit loads, for the cost per cubic foot of space only increases at half the rate of the unit
load density. Again, more research 1s required to confirm and enlarge the data available.

Finally, it is not amiss to make a brief comment on the relative importance of the cost of land
used for the sites of conventional and high-bay buildings. Table 19 shows (three examples) the
initial cost (or current value) of the land upon which the high-bay warehouses were built as a
percentage of the total cost of the high-bay wnit. These percentages are very small, +-29, where
the cost per acre Is about twice the average price for the sample shown. This suggests that the
cost of land is of little importance in the overall economic cost model for a high-bay warehouse.
Suppose we argue that we have saved two-thirds of the area which we should have required if we
had built a conventional warehouse instead of the equivalent high-bay. Take a large example—
Company 3—where the saving in land area would be say 130 000 square feet. This saving is
approximately £25 000 if costed at £8000 per acre; whilst this saving is considerable, when it is
considered as an annuity over the (say 25 years) life of the warehouse, it 1s equivalent to approxi-
mately £2400 per annum. This is very small when compared with the total annual running costs
of Company 3‘s high-bay warehouse—approximately £250 000 per annum on three shift opera-
tion which is very efficient.

FIG. 21 High-bay warehouse units—variation of initial cost/cubic foot of total
volume with density of unit load
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It appears that the actual cost of the land upon which warehouses are built is relatively unim-
portant in relation to the values of their operating costs, whether they be cost efficient or cost
inefficient. There may be a good reason to wish to conserve land for other purposes, particularly
if it is scarce or if to build a conventional warehouse would mean moving to another incon-
venient site, when a high-bay unit would just fit into the present site, but this is a management
decision which should be made in conjunction with the prediction and assessment of the cost
performance of both the conventional and the high-bay warehouse systems in question. It
might still prove a very expensive mistake to save land and build the high-bay if its operating
costs could never be good for the products and their throughputs compared with the con-
ventional system.

When the apparent justification for building a high-bay warehouse is quoted as ‘a shortage of
land’, this could and should be only part of the story of management decision-making.

When one reads that the Swiss build high-bays because they are short of land, and that land is
very expensive there and little of it is level, it is as well to bear in mind that land near medium
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sized towns can cost as little as £8000 per acre, and also that our survey indicates that some Swiss
high-bay units are cost efficient.

Conversely, there are to date relatively few high-bay units in the United States, and those
mostly of modest height and built inside conventional buildings. This i1s not because there is
necessarily plenty of land or that land is cheap; land near cities, where much industry is sited, can
be just as expensive as it is in industrial sites in Europe. 1t is more because people in the United
States have been relatively slow in recognizing the cost benefits which can accrue from building
high-bay units high and at the same time operating them efliciently, when designers in Europe
have gone ahead faster and gained expertise in a field where many have learned to tread warily.
The United States is now developing and building some fine examples of large, high, and even
automated high-bay units, some of which have been described recently in their major handling

magazines.

Fire detection and control in conventional and high-bay
warehouses

The warehouse designer is faced with these questions amongst many others:

1. Is fire detection and/or control required for the warehouse building and the products
handled and stored within?

2. If so, which are the methods and equipment available?

3. Which is the cheapest system which will give a stated level of protection against loss and
damage to both products, buildings and to personnel?

The full analysis of the problem is not usually straightforward or easy for the architect, the
engineers or the client; it becomes even more obscure in the case of the high-bay storage unit.

The many factors involved and their translation into terms of cost have been closely studied
at the National Materials Handling Centre and a separate booklet* will be published shortly on
this sub ject.

®* The Problems of Fire in High-Bay Warelhouses, by C, E. Williams, published by the National Materials
Handling Centre.
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7.1.

Control systems in warehouses

Objectives

In any warehouse and associated distribution network, there must exist a system of control of
incoming goods, outgoing goods, transportation, and information; it may be more or less
adequate.

{t seems almost impossible to generalise about the form which any warehouse and distribution
network might take, since the number and type of warehouses employed and their relation to
the location of suppliers and consumers will depend upon the type of goods handled, their rates
of throughput, the local service demands imposed by suppliers and consumers upon the network,
and many other special and detailed factors.

The size and complexity of each warehouse will depend on the volume of all commodities
which need to be stored, their rates of turnover, and the degree to which incoming goods have
to be broken down and sorted into outgoing orders. Figure 2, Section I, a simplified model,
showed not only the flow of goods, largely from suppliers via the warehouse to the consumersand
retail outlets, but also the main lines of information flow which constitute the control system. In
practice there may be many suppliers both within and outside the company organisation and
many consumer outlets, again within or outside the company. The goods may flow through
several warehouses or some goods may flow directly between supplier and consumer (there still
exists a need to keep control of these goods and to integrate this control with that of the goods
passing through the warehouses).

A typical example of the complexity which may exist in practice is shown in Figs. 3 and 4 of
Section |. Figure 3 illustrates the CWS retail food and groceries network before the new regional
warehouse concept at Birtley, and Fig. 4 the changes which the Birtley approach will make to the
warehouse and distribution network and to the associated information flows, and thereby to
the associated information control system.

There are basically two separate control systems which may operate in most warehousing/
distribution networks:

(a) The warehouse control system
This has been described in Section 2, sub-section 2.2.(i).

(b) The transport and distribution control system

Several similar operations will be controlled by these control systems:

(i) The supply of goods from manufacturing plants and suppliers to the central warehouse
(internal supply loop).

(if) The supply of goods from the central warehouse or depots to the customers or retail
outlets (customer supply loop).

It is not the function of this report to discuss these control systems in any detail, although they
are important in their influence on the service given to the customer and on the cost efficiency of
the entire distribution network.

Some of the additional functions listed below may be encountered and may justify the use of a

larger computer (and therefore ‘easier to use’ computer) than would be justified for functions
(a) and (b) alone:

Customer’s orders

Marketing methods and salesmen’s operations, routes and routines

Orders to suppliers and manufacturers to replenish stock levels at the warehouse
Pricing and invoicing

Stock control and recording

Auditing

Planning
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Management and administration
Management analysis of operations data and subsequent management reporting.

Such functions may be extremely complicated in larger organisations particularly where
computer control is used. (This does not imply that the operation of a computer is necessarily
more expensive than simpler methods which the computer may have replaced.)

In assessing the efficiency, costs and cost performance of warehouse control systems, we could
be examining two situations:

. Reviewing the service efficiency and cost efficiency of an existing control system.

2. Designing a new control system to operate a new warehouse and distribution network, and
wishing to predict its future costs and cost effectiveness.

To do either, the following approach may be considered:

(a) Determine that the information flowing around the system is essential and adequate.

(b) Study alternative ways of handling the information such that the present and future
service demands will be met.

(c) Analyse the economics of the alternative ways available to carry out efficient control
and compare:

(i) Policies: whether to rent, lease or buy control equipment.

(i) fnitial capital expenditure: which will be incurred in introducing control equipment,
bearing in mind the latest investment grants and tax allowances, etc.

(iii) Maintenance and running costs.

(iv) Incidental costs: which may be incurred by required new buildings or room for the
equipment, and by the organisational/personnel changes which may become necessary
when new control systems and equipment are introduced.

(v) Commissioning costs: which may be much greater than expected or budgeted, and
which may not include the costs of design errors, poor reliability, problems of
correcting and modifying hardware and software,

7.2. The type of control system for the high-bay warehouse—
computerised or non-computerised

It was stated in Section 7.1 that there are basically two separate control systems which may
operate in most warehousing/distribution networks.

(a) The warehouse control system

In the context of the high-bay warehouse system, this is likely to be concerned with the control

of location and retrieval of goods by stacker cranes, slave transporter trolley systems or other
mechanised means.

(b) The transport and distribution control system

In the context of the high-bay warehouse system, this is likely to be concerned with activities
such as:

(/) Feeding information from (a) to general services for stock updating and stock control.
(ii) Producing order-picking lists from customers’ order.

(fiif) Producing programmed instructions for stacker cranes, etc., to operate them to the pre-
prepared order-picking lists.

(7v) Interfacing data on stock held and picked with sales operations—invoicing, pricing,
delivery notes, accounts payable and receivable.

(v) Control of transport and distribution operations, management information and many

other subsidiary functions which might be required no matter what kind of warehouse
operation iIs envisaged.
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There are several distinct stages in the sophistication of equipment and methods which can
carry out these activities:

|. Simple systems employing tickets, clerical labour and possibly small printing machines.

2. More complex systems, employing office machinery of considerable speed and complexity,
but still controlled by clerical personnel. The volume and rate of interchange of informa-
tion may be very large, but its control is still largely by people’s decision.

3. Systems employing ‘hard-wired’ equipment but no computers; for example, operator
control of stacker cranes using punched cards to locate and retrieve pallets of goods.
The punched cards can be sent by pneumatic tubes, for example, to a central office to
provide data to interface with operations (b)(i) to (v).

4. Systems employing minicomputers, possibly interfaced with compatible storage facilities;
teletype, punched card, punched paper tape or mark-sense input; printer or magnetic tape
output. These systems may be used to control stacker cranes only or can be interfaced with
off-line or on-line activities (b)(V) to (v) above.

5. Large and complex systems controlled by general purpose computers, in which control is
largely exercised by pre-arranged computer programs. The actual operation may be off-line
(processing the information in batches or at night) or fully on-line where the computer
continuously monitors the information from fed-back information. The actual control of
location and retrieval of goods in the warehouse may be a part of the routine of the general
computer service.

In the past, it used to be fashionable to have a computer, and this desire to acquire one and to
possess one was often based on specious reasoning, not the least motivation being ‘to keep up
with the Jones’s’. Because the motivation was ‘let’s have a computer’, the subsequent analyses
and surveys were coloured by the initial feeling that a computer was inevitable and excuses were
made for having one. A survey of opinion amongst computer users indicates that we are a long
way from achieving the most effective use of the computer power that is available to business.

It has been reported in the press that a committee of the American Congress which examined
the use made by US business of computers stated that as more business operations become more
mechanised or computer based, fewer companies actually use the computer as a cost-effective

tool.

Management consultants often confirm this view, and one declared that computers are over-
sold and over-employed and argued that companies use computers in the wrong areas—payroll,
order processing and inventory, instead of in the high pay-ofl areas of production control,
transportation, and above all as an aid to management decision-making. In Britain, while a few
companies are grouping with the problems of applying computers to the profit-creating functions
of business, there are few that would care to set down the costs and benefits on a balance sheet,

even if they could.

Nevertheless, the ‘fashion’ aspect of acquiring a computer is dying, and companies should
now be in a better position to merit their figures and to make decisions on a sounder business
basis. ‘Do we really need it?’ ‘Can we really afford it?”

Unfortunately, the purely financial aspects of justification for computers are not the whole
story and there remain social, organisational and technical problems to be recognized and
remedied. Such problems are dealt with in Living with a Computer by Enid Mumford, in which
she describes some of the experiences of nine industrial and commercial firms when they planned

and installed computers.

She found that planning was not begun soon enough and was not sufficiently comprehensive:
there was a lack of communication and consultation with stafl and a lack of early planning of
re-education and re-training of staff. Most of the firms did not appreciate from the start that the
whole process of introducing and developing the use of computer might take over two years.

Her book underlines the lack of appreciation of the true problems by top management. The
effects are problems because the causes were inadvertently set up at the beginning when it was
already too late.

The approach of pre-supposing that a computer is coming or is inevitable is probably the
wrong-one and results almost automatically in a faulty approach to the analysis of the infor-
mation and information flows in a warehouse/distribution network.
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it does not secm unreasonable to suggest that a company either on its own, or with the aid of
consultants, should fully analyse the present and proposed systems before committing the
company to any more elaborate system (up to and including computer operation).

What seems to go wrong is a lack of appreciation of the need to plan backwards from the
desired end-point in time, even I this is several years in the future, which it almost inevitably is
when a new information system is required and implemented.
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This suggests that a critical path plan (PERT Chart) approach could be useful, even in a crude
form in setting down the actions necessary to satisfy the basic question—*What has to be done?’

The approach which too often seems to be made is illustrated in a simplified PERT Chart I.

No conscious effort may be made to set down a PERT Chart, which seems all too often to be
the case, then this chart 1 is the kind of thinking which pervades the company. It should be
stressed that some real effort should be put into preparing a PERT chart, or else, as is so often
the case, one merely has a nebulous diagram such as is illustrated in PERT Chart 1 to go on with.

It will be appreciated that enormous pressure can be exerted by computer manufacturers to

place an early order for a machine to get delivery by the desired date; system study can easily
become an investigation of how to use the ‘committed’ computer. Furthermore the ‘desired’
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date is probably wildly wide of the mark, anyway, simply because no critical path analysis has
been attempted.

It would seem much better to consider delaying the decision until all the information is
collected ; even though there is a risk of not receiving a machine on time. In any case, the final
management decisions as to the exact specification of the machine and its exact delivery date
may be postponed by alternative courses of action. For example, computer bureaux service may
be retained, or a machine may be rented.

To rent may be more expensive initially but it can often be a wise deciston since it will ensure
that both hardware and software are exactly what are required for the present and in the long
term; if they are wrong or inadequate then they can be changed without total commitment. After
a year or two of full operation the long-term decision to lease or buy (or occasionally to throw it
out altogether) maybe taken confidently with the experience and backing of most personnel and
management associated with its day-to-day operation, and no less important, the cost advantage
can be fully and accurately assesssed.

In carrying out such a cautious approach, even if it does take more time, at least everyone
concerned is more likely to support a final scheme which goes most of the way to satisfying
(a) economic, (b) technical, (c) organisational and (d) social problems, which either exist before-
hand or develop during the investigation and installation of the new system.

In order to attempt to overcome some of these problems an alternative course of planning is
proposed, as illustrated in Preferred PERT Chart No. 2.

The effective use of critical path analysis in planning and installing a computer is described
in Chapter 6 of Computer Applications in Management by C. R. Dennys*, entitled ‘Project
Planning by Computer’, and he illustrates a PERT Chart for the computer installation for the
Electrical Trades Union.

The dangers have been stated of assuming that a computer will be needed and installed at too
early a stage in the investigation of the design of handling and storage system.

Lostyt, when dealing with the feasibility study, is at pains to point out a number of salient
aspects

‘... we pass to the procedure for selecting a computer, designing and implementing a system...
assuming that the decision favours a computer.’

Losty points out that a form of Parkinson's Law can also apply to computers—‘Work ex-
pands to fill the time available.’ ‘Extra jobs are often loaded on to them because time is available,
resulting in high costs on the computer and no advantages. !Indeed it is not unknown for a
substantial part of any cost saving or earlier jobs to be dissipated on later jobs better left oft the
computer.’

He proposed broadly the following stages which correspond closely with the Preferred PERT
Chart 2 approach:

Preliminary survey

Feasibility study

Costing analysis

Selecting a computer—if required.

Losty says that in any case, ‘The object of a preliminary survey is to recommend whether a full
feasibility study is justified. It should indicate the scale of the computer system required, and
give some idea of the magnitude of the costs involved—a study which is too superficial is likely
to be unduly optimistic about the benefits of a computer, whereas a study which is too detailed
will bog down in difficulties which it is not appropriate to constder so early in the study.’

* Computer Applications in Management, edited by John Birkle and Ronald Yearsley, published by Staples
Press.
t The Effective Use of Computers, by P. A. Losty, published by Cassell (London 1969).
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7.3. Control systems, computerised or non-computerised: sources
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of cost data

The application of sophisticated equipment to the design of warehouse control systems is a
relatively new development: to date there are only a few examples of installations which are fully
on-line computer controlled. There are only a small number of organisations which have ex-
perience of designing, installing and operating complex control systems for mechanised ware-

houses, with regard to both hardware and software.

These areas are very much for the specialist, and in this report it is proposed only to give some
sources of expertise and also some sources of cost data. The detailed compilation and analysis
of the costs of alternative schemes must be carried out between the Company and, for example, its
development engineers, the O & M and systems analysis consultants and suppliers of hardware

and software.

If ‘order-picking,’ ‘order-assembly’ and ‘packing’ activities are present then the control system
may also be required to give commands to these areas, and these commands may or may not be
on-line with the input and output demands of the main storage function.

The costs of the control system will vary considerably with the degree of innovation called for;
in this survey, most of the control system costs were small compared with the costs of the other
main cost centres (unloading, main storage, order-picking, order-assembly, loading, auxiliary
services). In fact, it seems more important that the control system should firstly be designed as an
integral part of the warehouse system and should fulfil its ‘service’ demands with great reliability,
than that its design and reliability should be cut down to secure a minimum price. A correctly
designed control system with built-in flexibility and reliability should more than pay for itself

in at least two ways:

Firstly, if the pre-programmed goods location systems of each ‘line’ are correctly designed, this
will result in considerable cost reductions in the total volume of storage and stock levels

requircd.

Secondly, an efhcient control systcm for location and retrieval of goods avoids the necessity
to recruit extra staft for peak times and emergencies to handle temporarily stored goods and
deal with ‘*bottlenecks’.

Although the proportion of the control system costs to the total warehouse cost may still be
modest, the absolute value of control system cost may itself be a large sum of money, and it will
be worth while to isolate the elements of cost of the control system in more detail. When studying
the predicted costs of alternative control systems proposals for the new warehouse, whether they
be modern data processing office equipment, batch control computer or on-line computer, it
may be possiblc to make a sounder decision based on a review of alternative proposed costs and

cost benefits.

The cvaluation of alternatives is no simple matter particularly if computers are included in
the alternatives. An excellent exposition of the problems of evaluating cost effectiveness and cost
benefits of computers in general is given in ‘The Evaluation of Investment in Computers’, by
Prof. T. W. McRae, Graduate School of Business Administration, University of Witwatersrand,
South Africa, published in Abacus (Australia), September 1970.

For example, if we consider the case of a large high-bay warehouse with several stacker cranes,
we may bc able to compare several possibilities for on-line real time control of the cranes.

(@) A ‘hard wired’ system without computers, in which operators place punched cards into
the stacker cranes themselves at the ends of the aisles for location and retrieval of unit

loads. This system has the merits of simplicity and cheapness.

(b) A general purpose computer, part of whose capacity can be programmed for the on-line
real time control of the cranes. However, it may not always be possible to justify economi-
cally the high initial capital cost, running and maintenance costs of such a system, even if
it can be justilicd to use some of its spare capacity for invoicing pricing, order processing
and stock control.

(¢) A mini-computer, compatible with data input and output systems, extra disc and tape
storage can be used with just as good reliability as a larger general purpose machine.
There may be extra problems of interfacing and programming in machine language but
these can be exaggerated and the total order of cost can be of an order 5-10 times cheaper

than solution (b).




For example, the central processor of the ‘mini’ can cost as little as £1000 and the asso-
ciated interfacing with development and programming costs as little as £15 000-£25 000.
Updating of stock levels does not have necessarily to be on-line and can be put in to
magnetic tape and transferred to other computers in the organisation some time later.
Although immediate on-line facilities can be available for solution (&), the initial cost of
the general series machine may well be in the range £50 000-£250 000 and depending on
the levels and complexity of control and override required by the company can sometimes

require multiplexing and a lot of special interfacing between the main computer and the
process control logic on each crane.

Unfortunately, it is a fact that when one looks at the plain economic justification ofreplacing
the several operators in solution (@) who put the punched cards in the control boxes on the cranes
by fully automatic means, there is never a reasonable return because the costs, complications and
commissioning problems of doing so are usually so great that there must be very good reasons
for wanting to do so other than the economic justification.

Perhaps the single most important item of cost which should be estimated and budgeted is
the commissioning of the control system; in large and complex systems this can be very large and
cover several years in calendar time. Unfortunately, this cost is often not appreciated or bud-

geted and can cause considerable subsequent embarrassment to both company and systems
suppliers.

A list of elements of cost is shown below which could be used for systematic analyses of control
systems.

List of elements of cost for the analysis of computerised process control and service control
systems for mechanised and automatic warehouses

Code No.

601 Computer processor unit — Depreciation
602 Tape unit — 3

603 Disc pack unit — "

604 Drum unit —_ A
605 Printer unit — v
606 Tape reader unit — -
607 Tape punch unit — o
608 Card reader unit — B
609 Card verifier unit — k;
610 Teletype unit — y
611 Visual display unit —_ >

Repeat 621-631 — Hire
Repeat 641-651 Lease
661 Software Annual cost

662 Tapes — ps
663 Discs — 1.
664 Paper tapes —_ .
665 Cards —_ i
666 Paper — e
667 Interfaces —_ .
680 Computer room — Depreciation
681 Computer installation and

commissioning — Initial cost
682 Computer fire detection

and control — Depreciation
683 Computer air conditioning — Depreciation
684 Computer power — Annual cost
685 Computer maintenance — Annual cost

Categories of personne

Card Puncher—Female
Operator

Junior Programmer
Senior Programmer
Systems Analyst

Senior Systems Analyst
Computer Manager
Computer Engineer
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It 1s interesting, for example, that one can employ a manually operated stacker crane for
picking at a cost of say £13 000 but if one requires to automate its operation the cost can be
£35 000; the basic substitution can never be justified on purely economic grounds.

An interesting divergence in philosophies can be found in the published papers of the Con-
ference on Electronic Control of Mechanical Handling, 6-8 July 1971, organised by The Insti-
tution of Electronic and Radio Engineers; in particular:

‘Electronic Control of Cranes in High Bay Warehouses’, by M. J. Osborn, MIEE
‘Computers for Control of Automatic Warehouses’, by John R. Sheard
‘Automation in Materials Handling and Distribution’, by George J. Savery, BA, MA (Cantab).

These papers demonstrate the current divergence in philosophy and practical approach to
which kind of control system is best for any particular mechanised or automated warehouse.

It appears that considerable caution is needed on the part of both companies’ representatives
and suppliers of control hardware and software when faced with the decision, particularly if a
solution is required at reasonably low cost with a demonstrable adequate return on capital to be

employed.

Proposed plan of action by the company

As this field is still rapidly developing, it seems in order to suggest some areas which require
attention by the company which may be prepared to consider accepting a sophisticated control
system to operate its handling and storage system:

(a) Itshould seek advice from a range of organisations specialising in O & M systems analysis
to arrange for a full analysis of its existing and future flows of information both in and
outside the present or proposed warehouse(s). This should lead to a feasibility study
showing alternative systems and equipment of varying degrees of complexity, with their
respective capital, rental, leasing, running and maintenance costs.

The positive advantages of initial systems analysis/O & M study cannot be over-stressed
because they usually lead to a simplyfying of the existing paperwork control system and
thereby frequently e/iminate the need to computerise.

(b) Before committing itself to a particular type of system the company should weigh care-
fully not only the costs and the benefits of improved speed of processing the records
required to maintain any warehouse/inventory system which may be promised, but also
the organisational and social problems which may arise from the introduction of new
systems into the existing plant.

(c) The company should recognise that after installation of complex control systems, there is
likely to be a running-in period which may be as long as a year. The earlier planning can
be carried out and provision is made for the extra expense which may be incurred, the less
will be the practical difficulties which will be experienced in installation and production
operation.

() A senior member of the company's departmental staft’ concerned should liaise closely
with a competent programmer/analyst during the design stage. In addition, it may be
helpful if a team 1s set up carly on in the overall design stage, consisting of representatives
of the company, e.g. programmers, system analysts, O & M specialists, possibly outside
consultants, hardware and software suppliers (preferably before commitment to any one
set of equipment). Such a team should meet regularly to ensure that the ultimate decisions
are agreed jointly.

(e) The recent development of ‘mini’ process-control computers which are cheap and reliable
even when peripherals are included, could revolutionise the field of mechanised and
automatic control, since their overall operating costs should be low compared with the
major handling and storage costs of medium and large warehouse installations. It should
be borne in mind that stock control is the area which is likely to show the highest potential
savings for any company. Therefore, if the company introduces a system using “mini’
computers, it should endeavour to ensure that the information which is collected by the
‘mini’ computer will be available for routine stock control, possibly on some other general



purpose computer. Indeed, it should be asserted that the main justification for any data
processing computer should be the reduction of stock levels.

(/) The decision to rent, buy or lease may be crucial. If there is doubt as to whether the pro-
posed systems will operate efficiently from the start or whether they will have enough of
the right kind of capacity in the future, then 1t will be important to consider renting
equipment for some considerable time. When the right kind of equipment has been tried
in production use to the satisfaction of most personnel, then it may be replaced by new
equipment purchased outright, or second-hand equipmeut if available, or equipment
leased.

Some sources of information on control system costs
National Computing Centre
British Computer Society

Choosing a Computer by Clare Smythe, published by Data Systems (£1).

This book, updated to 1969, gives data on equipment from a large range of suppliers of visible
record computers, punched card computers, ‘mini’ computers, magnetic file computers. 1t also
contains detailed accounts of analysis of costs and the pros and cons of renting, buying and
leasing.

Business Equipment Buyers Guide, published by Digest Data Books Ltd.
Mechanical Handling, October 1968. ‘Computers in handling systems’.

Mechanical Handling, April 1970. ‘Mini-computers; The catalyst materials handling engineers
have been waiting for’, by Rex Ingram and Dave McQue.

This article gives a very useful introduction to the possibilities of using ‘mini’ computers in
handling systems. 1t also gives a valuable table of the current range of ‘mini’ computers with their
specifications and prices. The article i1s reprinted in this report as an appendix.

Lists of O & M computer consultants and software bureaux, taken from Choosing a Computer
1969.

Financial Times, 29 May 1970 ‘Hand-me-down computers' by Geoft Slocombe.

This is a review of the advantages of purchasing second-hand computers. This represents a
limited list of contacts and cost information which may be of assistance to potential clients who
may be interested in employing sophisticated equipment for their warehouse control system. We
can take no responsibility for omissions or errors, although every effort will be made to correct,
modify or enlarge these lists in future editions.

17
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Conclusions

Part | and this Part 2 of the report are a review of the surveys in which detailed cost data was
collected for a sample of conventional and a sample of high-bay and mechanised warehouse
systems. The cost data was marshalled in the same way for all systems using a uniform costing
system. At the same time an attempt has been made to relate these true costs to throughput of
goods and there is an indication of the possibility of securing large economies of scale where
outputs are great. No attempt has been made to publish all the data because its inclusion would
make little impact on the conclusions drawn from its analysis, and in fact it is being re-analysed
currently at the National Materials Handling Centre as part of further research programmes
relating systems designs to costs and performance. The unit cost of handling and storage achieved
in practice will depend on many factors but it appears that to achieve minimum values the
following factors are of prime importance:

(a) The handling system must be as simple as possible and related in scale to the throughput
handled; the costs of equipment should be minimised, as they are frequently of the same
order as labour costs. This applies particularly to mechanised order-picking systems which
often represent a large proportion of the total costs of distribution machines.

(b) The storage building should be designed as high as possible consistent with reasonable
handling costs because the cost of space reduces markedly with height. The costs of
buildings should be minimised as they are frequently of the same order as labour and
equipment costs. This applies equally to high-bay storage and to conventional storage.

(¢) Labour costs represent an important part of total warehousing costs.

The wage payments vary considerably for each category between companies and geo-
graphical areas.

(d) Control system costs are not usually large except where complex general purpose computer
systems are used for real time on-line control coupled with general services function. In
such special circumstances, a careful appraisal of the future cost effectiveness and cost
benefits is advisable before commitment, although the advent of ‘mini’ computers suitably
interfaced with input and output equipment promise a cheap and reliable solution for
many systemes.

The factors (a) to (¢) may best be exploited by consideration of entirely new warehouse systems
and buildings rather than limited efforts to improve the cost efficiency of existing outmodes and
poorly designed systems. Although it has not been the brief of these reports to discuss associated
transport and distribution systems, such exploitation should be considered only after a review
of the service requirements of these distribution systems together with a systematic analysis to
find the best locations for the optimum number of new warehouses.

Even where very similar conventional systems for handling and storage systems identical
products were cost analysed, differences in unit costs of 2:1 were found. This and other evidence
indicates that frequently companies do not know the true efficiency of their handling and storing
systems.

In few cases have the detailed costs and cost efficiency of mechanised and high-bay systems
been systematically analysed before a decision was made to adopt them and this appears to have
been for a number of reasons:

(a) Lack of cost data on previous or existing systems.
(b) Lack of appreciation as to what costs to include.

(c) Difticulties in deciding what costing systems to use in order to marshal and compare costs
and relate them to throughputs.

(¢) Conscious or unconscious desire on the part of both systems suppliers and users not to
predict and analyse costs. This may spring from a basic uncertainty as to which kind of
handling and storing system to opt for anyway; there exists for example, a bewildering
array of order-picking systems, warehouse buildings and computers to choose from with
little published data on their respective costs, unit costs, cost effectiveness and cost
benefits.



8.3.

8.4.

(e) Difficulties in establishing cost effectiveness and cost benefits are other good reasons for
opting for a high-bay solution, e.g. reduction of total labour force, shortage of land, need
for rapid and precise interchange of product, stock-level and pricing information and need
to interface such information with realtime process control on the one hand and the
company’s general services computers on the other.

(f) Conflicting myths, stories and evidence about former and current mechanised and high-
bay warehouses which often appear to produce emotional bias and prejudice both for
and against various systems whether they be simple, mechanised or automated.

We believe that some, if not all, the problems (a) to (f) can be overcome and that a systematic
cost analysis of alternative systems before commitment is not only imperative but can be carried
out at modest expense and effort and that such an approach will often show the way to large
savings of capital and running costs.

The knowledge of systems, their performance and related costs acquired by the National
Materials Handling Centre has been vital in helping to draw these broad conclusions. Neverthe-
less, 1t i1s recognised that a great deal of further research is necessary before complete solutions
to warehouse designers and related costs and unit costs is possible. To this end, new research
programmes are proceeding at the Centre, concentrating on warehouse buildings, computer
control systems, order-picking and management decision-making.
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Appendix

Mini-

computers:

the catalyst materials
handling engineers
have been waiting for

Rex Ingram and David McQue

Itis goodbyetorigid complex and
expensive relay panels and wired logic
systems and welcome to the new

adaptable, low cost computers which

can be used to control handling systems
with a facility undreamed of until

recently. Complete with basic

accessories they cost on average about

£5000 each and can be used in

Why the materials handling man

conjunction with a large commercial

computer or as part of a team of other
minicomputers. The bigadvantage apart
from cheapness is flexibility: you can
modify or extend the complete handling
system without disrupting work in
progress or making expensive wiring
alterations. Furthermore if you're

starting off with a minicomputer you're not
committing yourself to a particular scale
of operation. The modular basis upon
which minis work makes it possible to
expand your system when you want to. |

MINICOMPUTERS ARE miniature ver-
sions of larger commercial computers.
Some are faster and most are very
much cheaper. Most minicomputers
can be purchased in a minimum
useable form for about £5,000, or
less, whereas most commercial com-
puters cost at least ten-times, and
some, a hundred times as much.
Minicomputers live in a different
environment from commercial com-
puters being at home in machine-
shops among the swarf, on process
lines or in warehouses. One battery

* At the timie of writing thisfeature, Rex Ingram
was a research fellow in the materials handling
unit at the Cranfield Institute of Technology.
David McQue is an instrumentation engineer

in the Instrumentation Section at Cranfield,
where he has been invalved with minicomputers
Sor the tast 3 years.

powered machine is currently being
trekked around the Arctic on a sled,
and at Cranfield, minicomputers
have often been transported in the
boots of motor cars.

Because of their performance, low
cost and indifference to atmospheric
environment, minicomputers, are
ideally suited for use in materials
handling and this may well prove to
be one of the commonest applications.

Most materials handling equip-
ment control has until quite recently
been performed by special purpose
electrical systems, eg relay panels or
wired logic systems. Such systems
have many disadvantages. Control
is necessarily inflexible and of limited
development potential. Making
alterations to a special purpose

Most manufacturers are
prepared oniy to sell
computers and few are
willing, or even able, to
offer any kind of assistance
w:th their use. No doubt
the situation will change,
but it is now largely up

to the customer to install
his own system. Thus, if

a3 matenals handling man
IS to make the best use of
the new tools available he

needs to know about computers

will have to learn more
about computers than he
might have thought
necessary. That is not a
bad thing. Certainly those
people who have
purchased minicomputers
during the past two years,
while the market was
preparing for its cusient
boom, seem to have
managed well enough.

electrical system entails halting the
machunes being controlled and while
it isout of action rewiring and extend-
ing, and then retesting, the whole
contro! unit. That can be expensive
and consequently the improvements
to a control system which become
obvious once it has been in operation
for some time are often not incorpor-
ated. Fault finding in a control unit
of that kind can be a lengthy process.

Now that minicomputers are avail-
able to replace relay panels and the
like, the benefits of computer control
can be obtained very cheaply. Modi-
fications can be made simply by
altering a program, and that can be
done without halting the equipment
being controlled for more than a few
seconds of machine time.
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Conveyor control : A typical mini-computer application

How a minicomputer might control
asimpleoverhead power-and-free
sorting conveyor system :
Empty carriers would circulate on
the conveyor until switched into
one of five loading spurs. When
loaded they wouldleave by
way of the exit conveyor to an
external process. Theempty
carriers wouldbereturnedon the
return line andbe recirculated until
needed again. Each of theloading
spurswould be numbered for
identification and would have a
reader capable of sensing the single
digit thatidentifies the carriers.
There would be100 carriers in the
systemof 10different types.

In aconventional control system
using relay logic there would bea

ten-positionselector switch at
each loading spur. The foreman or
operator wouldselectone particular
type of carrier by setting theswitch
to theappropriate position. and only
that type would beswitchedinto
the spuruntil theswitchwasreset.
With only five spurs in the system,
only half the carrier types could be
loaded at the same time. Thatcould
leadto hold ups inproductionfurthe:
down the line and poor utilization
of equipment, but the situation
could not beavoided withsucha
simple conventional control system.
A minicomputer could be used as
an alternative to therelay logic.
Provided the carriers could be
identified as they passed each reader.
any or all the types of carrier could

be switched down any spur.

The computer coutd deat with all

the readers, the diverters and the
console which would beusedto
putinstructions into the system.

In most cases the cost of the
computer system required to perform
such an operation would be
competitive with that of relay
control systems. The computer
system would certainly be more
effective. The computer could. for
example, log loaded carriers
according to type. as required.
Should the system be expanded to
include severat hundredspurs and
readers, and several thousand
differenttypesofcarrier. the system
might become morecomplicated
but the computer could still cope.

Because of their low cost one
minicomputer can be used to control
all the mechanical functions pre-
viously conventionally controlled.
Or, alternatively, several computers
can be used, each one assuming
responsibility for a limited number
of tasks. Sincecontrol is provided by
programs which may be varied, a
minicomputer can provide precisely
the degree of control required and all
desirable features can simply be
programmed in. In other words
minicomputers can be used as indivi-
duals, each doing their own jobs,
or one machine can be used for
everything. Separate computers can
be made to ‘talk’ to each other and
information collected from one part
of a handling system can be made
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available to a computer controlling
another part.

Which type of system?
Computers are already used in
materials handling and warehousing
and wired logic and similar control
yst. have been cc ly super-
seded in some newer automated
warehouses. But the computers
which have been used have not
always been ideally suited to their
applications. They have tended to
be smaller versions of standard com-
puters. And physically quite large.
That has meant that only a single
central computer could be used,
because of the cost.

Another drawback with the more
expensive and previously available

machines is that very fast computers
with store cycle times of less than |
microsecond, are extremely sensitive
to their electrical environment and
may be affected by signals from
other electrical or electronic equip-
ment. That is one reason why large
commercial computers need special
air-conditioning and mains filtering.
Minicomputers  generally have
much slower store cycle times and
are therefore not nearly so critical.
Computers which have been used in
warehousing so far have tended to
fall into the gap between mini-
computers and large well-protected
commercial machines. They have
been both veryfastand comparatively
unprotected.  And because single
computers wereused, long cableshad




to be laid from remote areas, usually
past large electrically operated
machinery such as stacker cranes,
and that has made the electrical
environment worse. Even where
those problems have been overcome,
the computers used have often been
so fast and large that they have
tended to be grossly under-utilized.

The advent of the minicomputer
means that. not only is It now
feasible and economical to com-
puterize large sections of materials
handling and warehousing, but to do
it with computers which might have
been designed specially for the job!

Another advantage of mini-
computers is that they can be part of
modular control systems. It is
possible to buy a first machine and
install it to perform a particular task.
After some experience has been
gained with it a second machine can
be installed to do something else,
while communicating with the first,
and so on. That means that a
company with no experience of
computers can start to reap the
benefits of computer use while
taking the minimum risk. That risk
is now at least ten-times less than in
the recent past.

Instead of using one large com-
puter, several minicomputers can be
used and still cost less. The various
machines can each be responsible for
their own tasks and yet communicate
with each other. This reduces total
cabling and solves other environmen-
tal problems, but also means that it is
quite realistic to have a spare mini-
computersitting on the shelf. Should
any computer in use then break
down it can be quickly replaced, and
returned by post to the manu-
facturer for repair, while the system
being controlled continues operating.
One of the new minicomputers has
all of its electronics and store
mounted on a single 1Sin square
printed circuit board. That could
probably be returned to the manu-
facturer in an enevlope with a 5d
stamp!

When a minicomputer can
be cheaper than hiring

One way in which warehouses can
make use of a commercial com-
puter is by having a terminal con-
nected to a computer terminal some
distance away. It now seems, thanks
to minicomputers, that it could be
cheaper to use a minicomputer instead
of hiring time that way. Since most

companies are security conscious and
are loath to passdetailed information
to a remote computer such a possi-
bility will be widely welcomed. Even
if the large computing power of a
commercial machine is still required
a minicomputer can be used to com-
municate and act in concert with it.

Materials handling the
largest application

Probably the largest application area
for minicomputers will be in the
control of materials handling equip-
ment. Stacker cranes, driverless
towing tractors and conveyor diver-
ters are all suitable subjects. Code-
readers can be serviced and remote
memory provided. Already some
newer warehouse systems are making
good use of the power of mini-
computers. Bagshawe & Co is, for
example, using one to control its
new automated high density pallet
storage system. The fact that mini-
computers can be linked in modular
fashion is of particular relevance in
that application.

One driverless tractor manufac-
turer is using minicomputers in the
control system it incorporates into
some of its installations.

At Cranfield minicomputers have
been used on a package coding
research project to handle the data
collected by code-reading devices.

How to choose them

Fortunately, minicomputersare fairly
easy to understand. What is much
less easy is to decide which mim-
computer to buy. In the table on
pages 126, 127 are some details of
a selection of the minicomputers
available at the moment. Such is the
rate of growth in the field that in the
USA the number of manufacturers
has risen from under 20 to nearly 50
in little over six months.

The main two types of mini-
computers are: Special purpose com-
puter (SPC), and General purpose
computer (GPC).

The SPC, as its name implies, is
generally dedicated to a particular
task and is not intended to be
quickly moved from one job to
another. It is normally used to
control a single job, rather than
several at the same time. Because of
this the SPC has programs stored in
such a way that they are not elec-
trically alterable, that is they can

only be altered by physically rewiring
the appropriate part. A core store
memory of that type i1s known as
read-only memory (ROM).

The GPC has programs which are
electrically alterable and complies
much more with the common con-
ception of a computer. A GPC
normally has morecore store memory
than an SPC simply because 1t is
designed to do rather more.

Although a GPC s able to deal
with many different tasks at the
same time and can be quickly and
cheaply re-programmed, it can still
be dedicated to a particular job in the
same way as an SPC, even though
this would not make full use of it.

The list of computers (page 126)
1s primarily of GPC. but some can
be SPC. Each manufacturer has
designed his machines to obey his
own type of command system, so
each has its own ‘Assembler Langu-
age’. There is no common language.

Price. Some manufacturersappear
to ofl'er minicomputers at very low
prices, but generally on closer inspec-
tion what they are offering s only
the basic umit to which must be
added a teletype before use.

To be able to use a minicomputer
the minimum requirements are a
central processor (CPU), a core store
memory and some means of com-
municating with the computer. The
latter is invariably a teletype machine
which allows program tapes to be
prepared and read, and output
from the computer to be punched on
to paper tape or printed out by the
printer. The keyboard is the main
method of communicating ath a
computer. (The usual input output
form is a paper tape. rather than
punched cards.) Some manufac-
turers list each of the above items
scparately, others merely quote a
price in its minimum form.

Much the most significant cost of
any installation is the cost of the
peripherals used, and in choosing
a minicomputer that is one of the
first things to be examined. Most
installations would not need the
enormous storage capacity of a
disc, for example. but if one was
needed it would cost about £20,000.
Peripherals must be examined very
carefully indeed. As the price of
computers has tumbled, the cost of
printers, discs and drums has become
disproportionately high. But the
future trend in the cost of these items
should only be downwards.
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Mini-computers

Useful facts about operating them

The most important operational aspects to
consider when a mini-computer is controlling a
mechanical handling operation

Word length. The word length of
a computer, or the register lengths
used in normal working, have a con-
siderable effect on how the computer
functions. Typical word lengths on
minicomputers are 8, 12 and 16 bits.
On commercial machines the word
lengths are 24 or 32 bits. A computer
with a word length of 8 bits. or with
core store organized in 8-bit words,
is said to be a byte machine. Most
minicomputers are now using 16-bit
organization. This allows a large
integer range without double length
working and also allows a useful
instruction set which greatly assists
programming.

AMemor yexpansion. This represents
the range of core store size that is
available with each computer. Most
minicomputer stores are built up in
blocks of 4K words, but some use 4K
bytes, which are half the size, and
generally the computer can be ex-
panded to at least 8K words in the
basic cabinet. Thereafter additional
cabinets are required. It is important
to realize that the most expensive
part of any computer is Its core store.

Store cycle ume. The faster the
store on a computer, generally the
more expensive it becomes and more
critical of its electrical environment.
The most important question to be
asked under this heading s whether
a job could not be done by a slower
store. That can be calculated by
examining the task, estimating how
efficiently 1t can be programmed on
the computer being studied and
deciding whether the computer is
unnecessarily fast.

Add time. The add time 15 one of
the indications of how efficient the
computer 1s. It should not generally
need to be more than two store cycles
long. But that is only a very approxi-
mate yardstick and only of use when
comparing like with like. Some
smalier minicomputers show up
badly in this respect, but they have
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not been designed to handle data at
fast rates. There being no advantage
in their case.

Hardware registers. A large num-
ber of hardware registers makes
programming more efficient because
there is less need to shuffle inter-
mediate results between store and
accumulator register, and these
results can beleft temporarily in their
own accumulators. The results can
then be operated on by register to
register instructions instead of regis-
ter to store instructions which take
twice as long.

Index registers. Where repetitive
operations have to be performed on
lists of data, a loop of instructions
can be set up and an index register
incremented or decremented each
time round the loop.

Levels of indirect addressing. 1t is
useful while programming to be able
to directly address the whole core
store. In most computers—and mini-
computers are no exception—that is
not always possible. The reason is
that there are typically only 9-bits or
less in each instruction word of 16-
bits that can be used for specifying a

The terms Computer People use

Most of the terms used in this feature are briefly defined in the follow-
ing glossary. in many cases a fuller explanation 1s found in the text.

Add time: the time taken to petform a typical
anthmetic operation

Accumulator Register: A collection of switching
circuits which hold an operand

Bit: A binaty digit. Binary arithmetic is not here
explained. An explanation can be found in any”
introductory work on computers

Block Transfer: A method of moving a group of
sequential words from the core store peripheral
device.

Byte : Eight binary digits.

Core Store: One of several devices used il
computers for stortng programs and data. With a
corestore you can get infermation in and out of
store more quickly than with larger capacity stores.

Dise Store: A means of storing binary data on a
magnetic surface in the form of adisc. This is
used for the bulk storage of data

Orum Store: Another form of data storage on &
magnetic surface In this case the capacity is
again large_but not as large as with a disc store

Interrupts: A means of interrupting lower
prionity programs for real time working. In effect
itrefersto a higher priority program interrupting &
lower priorty program.

Levels of indirect addressing: A hardware
facility for storing list references Used as a means
of addressing a large store with an economical
word length

Operand : Afactorin acalculation.

Page: The area of a store which is directly
addressable in a computer.

Peripherel: Any device external to a computer.
Itis usually an input/output device. Asking
questions of a number of possible sources of
instruction

Polling: A method of determining the source of
ar: interrupt signal.

Program : A sequence of instructions.
Computer people spell it the American way.

Power Failure Protection/AutomaticRestart:
Ameans of ensuring that in the event of a power
failure programs are not corrupted.

Soft-ware: Another word for programs.

Store Cycle Time: The ume taken to
interrogate a store and put it back as it was.

Storege Protection: Means of arranging for

certain areas of a store to be switched to read

only’. That prevents the inadvertent corruption

of a program by other programs which may not be
properly, C tron of program

K: Short for Kilo, but because binary
works out factors of 8 instead of 10 means
1024 4K 4 096.

Lenguage: A method of coding & computer by
using groups of letters rather than numbers.
Beceuse letters are easier for humans 10 remember.
The nearer the language approach'es English the
higher the lavel and therefora the more complex.

by other programs prevents vital program being
overridden by malfunction of other programs.

Storage Register: A group of related memory
cores mekiag up a word In a word store.

Word Length: A group of binary digits which
cen be used to represent an instruction or e number.
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