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(Phologl.ph by Delllon· Comma Intern.'lon.' L/d) 

PLATE 8 Medium height racking served by 
high rack stacking trucks 

(Ph% YI.ph by DUlon-Commo Inte/M/lon.' Lld) 

PLATE 9 A two tier pallet pick up and deposit station 
situated at the end of the racking aisle 



(Photog,.ph br courtesy of Dem,g M.te".1 H."dlmg Lld) 

PLATE 1 0  Stacker crane operating in a high-bay racking 
structure 



TABLE 1 5B Percentages of total annual cost i n  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 1 0  1 1  7(2) 24 
1 28 

60 7 9 1 9  42 24 
1 6W 1 5  

29 27 39 5 1 6L· 25 22 50 
1 7  3 

32 59 4 5 1 8  9 41 44 6 
2 1 ·  1 3  1 6  66 5 
22 32 46 1 8  4 
24 1 8  56 1 8  8 
29' 22 53 22 3 
32W 1 3  33 38 1 6  

Average 
(no order-picking) 26 49 1 7  8 

Range 
(no order-picking) 9 to 40 4 1  to 60 7 to 44 4 to 1 1  

Average 
(with order-picking) 20 30 43 7 

Range 
(with order-picking) 1 3  to 29 1 6  to 53 22 to 66 3 to 1 6  

• System includes order-picking. All costs used are ·uniform'. 

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-shjft 
working, and to look at cost models of the alternatives before committing themselves to any one 
method of operation. 

3.4.3. Breakdown of cost iD conventional and high-bay warehouse systems 

The observations in the preceding sections refer broadly to the overall picture of the total VPI's. 
It is 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 15A and 158 show the breakdown of total annual 'uniform' 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 i n  nearly all categories of cost. 

By far the greatest costs lies in  the main storage cost centres, followed by unloading, which 
suggests that these areas are the ones which should demand particular attention in the general 
analysis of warehouse system costs. When order-picking is included 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 1 58) lhere appears to be a shift of costs 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 relatively small 
and it appears to be more important when selecting a control system that it should give reliable 
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 1 6  Annual cost of stacker cranes i n  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 ' 2  

7 " 

' 2B 9 

, 6H 5·5 

, 6L 4 

' 7  23 

, B 1 1  

2' 5 

22 23 

24 ' 0  

29 ' 3  

32H 9 

Avefage 
Range 

1 1 %  
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 onc with 
several operators in attendance are justified. I t  is expected that a research programme examining 
the cost errectiveness 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 is of interest to note that in many examples the 'fixed' costs, represented by building, 
equipment and control system costs arc a larger part than the 'controllable' costs represented by 
labour costs, on average, approximately 60% to 40°'0. This is surprising for systems which are 
not highly mechanised. 

This suggests that in some examples, there is 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 reductjon 
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 i n  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 1 6  indicates that the stacker cranes alone do not represent a very large percentage 
of lhe total average annual cost of equipment. This suggests that whilst there may be considerable 
savings in lIsing tall high-bay structures and stacker cranes, these savings can be offset 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 Fig . 9 and 10 earlier i n  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. I n  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. 



The evidence o�th� several detai
.
led �nalyses which we have knowledge of is that there does not 

appear to be a slgDlficant reduction , "  costs when a high· bay solution is used. Nevertheless, 
there may be '!lany excellent reasons other than purely cost ones why a high.bay solution may 
be �he mos� sUitable • .  for example, shoelage of land, very high throughputs of goods, convenience 
of Inlerfac,"

.
g real time process control and stock updating with general computer services 

and produc�lon
.
control, etc., o� the pres�n� a�d future policy of the company may be to reduce 

manpower In view of general ,"Hallon If It IS not strictly justified economically at the present 
moment. 

3.4.4. Summary of results 

It  seems that a high·bay system is not necessarily more cost efficient than a modern conventional 
sy�tem ; also bear i� mind that most 'conventionals' on the unit cost diagram are operated on one 
shift whereas the hlgh-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 10% 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. 

I f one has low throughputs, the system can either be cost efficient or cost inefficient. 

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

3.4.5. Future researcb 

The work described in this part of the report represents an early stage in the full development 
of systematic cost analysis and planning for wnrchousc 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 tha1 the lotal stock holding of the 
four must be greater than that on the one central warehouse and such differential costs must be 
offset 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 

4.1 . Introduction 

(1) 

" )  

(,) 

" )  

''l 

,I) 

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 3rc 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 3rc still being developed to i mprove speed of picking and 
order-assembly, and just as important to auempting to find the cost efficiency of the various 
methods. 

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

The VPl's plotted on Figs. 9 and 10 in Section 3 include only the activities or unloading, 
storage and loading or unit loads. Nevertheless, i t  is known that additional costs or order-picking 
and order-assembly can rorm a very large proportion or the total unit cost. 

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

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

The type or order-picking system selected will depend on a n umber or basic ractors indicated 
iD  Fig. 12 .  

F IG.  1 2  Design of order-picking systems-product data requirements 

PPODUCTS TO BE IIANDLED. STORED AND PICkED 

I 
ANAL YS[ PRODl!CT I'IIOfIL[ (ASSUME OR. CHECK TIIA T STOCK CONTROL IS OPTIMISED) 

� 
NO, Of 'LINES' ) 

) 
VOLUME or TUP,NOVEROf EACH LINE - ANt.'lIAL TUROUGIlPUT - TOTAL THROUGHPUT J 

) 
MAXIMUM STOCK IIOLDING Of EACIt LINE _ TOTAL MAXIMUM VOLUME OF STOIlAGE ) 

) 
NO. Of '!INU' PICkED PER LINE Of OIU>£R AND PER ORJ)[I\ ) 

) 
NO. Of '1INrs' PER UNIT TIM!: ) 

) 
OUTLETS - J>£LlVERlES p(R WEEK OR p(R CYCLE ) 

• 

WllA T KIND OF OIl.OER- PICkiNG AND OfIDtR- ASSEJ,i8L Y SYSTn.11 

IN PRACTICE. MAY WORK WITH 
AVERAGE THROUGHPUT AND 
STOCK HOLDINGS. eor MAKE 
ALLOW"NCES FOR S[}.SONAL 
VARlATIOSS ANO BUILD IN 
[J[PANSION CAPA8IUTY 

4.2. To dale, a number or interesting approaches to mechanised order-picking have been developed 
and many are in production use. A diagrammatic illustration of the variations or order-picking 
technique for various categories, pharmaceutical products and spare parts. 
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FIG. 1 3  An approach to selecting the appropriate methods of order-picking 
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I 

MANUAL 

O/PG 

THROUGHPUT 

MECHANISED 

O/PG 

: SERlAL PARA 

• IF IT IS NOT JUSTIFIED TO MECHANISE BULK STORAGE AND HANDLING. 

THEN IT IS PROBABLY NOT JUSTIFIED TO MECHANISE ORDER- PICKING 

AND ORDER- ASSEMBLY. 

I IT IS NOT USUALLY POSSIBLE TO FILL EACH PICKED PALLET LOAD 

LLEL 
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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 st:lcker cranc, picking from Jive storage 
Pee-routed manual truck, fceding 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 lift. 

Associated seriation systems (order-assembly) may be: 

Till-Iray 
Tilt band 
Driverless tugs and trailers 
Manual from conveyors. 

There is a large range of order-picking systems available, whether the system required is 
basically a manual onc 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 
efficiency 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. 1 4  The total costs of picking one'item'-a sample 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 
liltlc 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 
wil�lin the one con�pany. For example. o�e very large group of food distnbutors have adopted a 
major

, 
plan of �ut�lng 

,
three completely different systems of mechanised order-picking into three 

of their large dlstnbulton 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 is 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 m uch as four times those for the 
equivalent job in the UK. 
Absenteeism, which can be as high as 20° 0 '  can seriously disrupt a high throughput distribu­
tion centre. 
There is 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 1 7�/0' 
This underlines again the need to predict the true costs of both these activities for ahernarive 
groups of products and systems before final commitment to design. 

Figure 1 4  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 tbe 
whole field of order-picking and order-assembly methods is required before authoritative con­
clusions can be drawn. 

I t  is 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 affect adversely picking performance. e.g. fatigue, design of work 
places, machine unreliability . 

• 

47 

• 



5 .  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 \\-ell 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 I have assessed the resulls, 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 effect on personnel, can I 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. Su rvey i mpressions 

48 

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 initial survey will presumably 
vary considerably amongst different companies; i t  can only be suggested that the company tries 
it. 

Rererring to B the amount of time required to carry out the initial survey does not seem to be 
great i n  most cases. Probably hair a dozen meetings of the investigating team over a period of 
several weeks will suffice, with a lotal or 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: 

I .  Savings in direct alld indirect labour 
2. SaL';'lgs ill equipment maifllellallce and rwming COSIS 
3. Savings ;,/ buildi/lg alld allocated services costs 
4. Savings ill Ihe warehouse cOlltrol syslem costs and possibly in the associated and interfaced 

dislribwion network costs, whether the control of such a network is computerised or not. 

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 nllmber of personnel and 
supervision employed in some or all main cost cenlres, or by compariIJg wage rates with 
survey or national averages (see Appendix I i n  Part I 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 whjch 
average much more than 3% per annum and may be as high as 15% per annum (see Fig. I 
in Section I). 

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. 

I t  i s  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 lime of replacement. 

3. This category represents the medium and long-term areas of potential savings. I t  would 
involve 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 \\'ould 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 outlay1 Perhaps even one large 
structure could replace several smaller ones. 

4. This category represents a medium- to long-term area for potential savings. I t  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 1 

Such investigations might of necessity cross the interf3ce 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 
difficulty may be experienced in producing clear-cut economies. The problems of assessing 
the economic justifications in Ihe 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 arc encouragmg: 

Initial report by Company A 

Although the warehouse cost analysis project involved Company A in many hundreds of man 
hours of work, they considered i t  was well worth i t  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 otber 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 equipment 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 onc hour 
talk to the 'team' who would carry out the cost analysis would be useful. 
Draw a now diagram for the warehouse, getting line management to agree to it, thus identi­
fying cost centres. 
Decide \\ hich 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 uOlt load modules, and measure the quantity of each applicable module 
for each cost centre. 
Put costs to the above and complete the forms. 

For 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 nceded, 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 mam 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 ncw handling and storing system. 

Report by Comp.ny X 
Application of the 'uniform costing system' to a proposed handling and storage system for 
Comp.ny X 

Company X have decided to mO\e a large part of their existing production, handling and storage 
facilities IOto a completely new building comple_,< a few miles away. The concept of the building 
Itself was more or less established by the 3rchitecls before the details of the production, handling 
and storage had been settled. The equipment will be operated on two shifts, and it is tbe 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 handllOg 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 arc: 

A. A now 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' stocJ.. 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 
90°/0 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 to a small store, where they await selection and transportation to a 
series of order-picking modules, where orders of much less than one full paJlet 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 10% 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 i n  answering this question and after some deliberations, i nvoked 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 
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FIG. 1 5  Warehouse performance-unit cost diagram 
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information. Nevertheless, the team was satisfied that it  was accurate enough to be useful and 
meanlngrul. The information was processed by the methods described i n  this report and presented 
for discussion. 

The main features which were immediately highlighted were: 

Firstly, 
(a) The unit cost of system A was good (sce Fig. 1 5). However, the percentage of labour pro­

posed in several of the main cost centres appeared excessively high. 
(b) 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 VPl's (see Fig. 1 5). 

Further examination of the predicted personnel requirements then showed that very large 
economics could be effected in system A, or 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. 

Thirdl)" 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 i n  getting to grips with the 
situation which would be presented to them when they had to take over, the industrial engineers 
were able to rc-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 .  The cost of warehouse buildings, storage 
space and associated land costs 

6 . 1 . I t  �as bee� established in  pr�vious sections that the true costs of the warehouse buildings and 
thelT associated allocated service costs (e.g. rates, insurance, heating. maintenance) arc significant 
compared with equipment and labour costs. 

I t  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. i s  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. 

6.2. Classification of warehouse bui ld ings 

6.2. 1 .  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 
least, 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. 

6.2.2. 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) Modem conventional structure 

This is usually one storey high with heights commonly in the range of 1 0-30 feet but sometimes 
up to 50 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' slruclure (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
expenMve bays to cover these functions arc attached to the main high-bay structure. 

6.3. Specification for a modern conventional warehouse bui lding 

54 

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 convcntional warehouse buildings so that the cost estimates by consultants x and Architects y 
would be comparable. Thcse 32 sets of dimensions are shown in Fig. 16. 

FIG. 1 6  Plan for establishing 32 cost estimates of 
modern conventional warehouse buildings 

Volume Height 
(million 
cu 11 ) (ft) 12 2. 36 48 

, 1 : 1 1 : 1 1 : 1 1 : 1 • 

2 : 1 3 : 1 4 : 1 2 : 1 

1 1 : 1 1 : 1 1 : 1 1 : 1 

4 : 1 2 : 1 J : 1 4 : 1 

• 1 : 1 1 : 1 1 : 1 1 : 1 

2 : 1 4 : 1 J : 1 2 : 1 

16 1 : 1 1 : 1 1 : 1 1 : 1 

J : 1 2 : 1 4 : 1 J : 1 

THE ENTRIES IN THE TABLE ARE THE RATIOS O F  LENGTH 
TO DEPTH OF THE GROUND PLAN e.g. 1 :  1 or 4 . '  

In addition, both consultants and architects who drew them up emphasised that in practice, 
other importanl factors may comc into play in arriving at a finaJ 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 it. Such factors might be: 

Clielll idiosyncrasies These might be susceptible to a slow process of education. 
Limitafions oJ 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 
cxistlng fork lift trucks). Normally, foundations contribute only about 2% to the total cost. 
There will be exceptions; for example, Sainsbury's warehouse at Charlton, which had to be on 
1 5  feci of sill. 



Standard s pecification for a modern conventional warehouse building by architects X 

Ground Conditions 

Services 

Foundations 

Floor Slab 

Frame 

Roof Structure and 
Covering 

External Walls 

Doors 

Internal Partitioning 

lighting 

Heating 

Normal. 

Mains. sewers, water and eleclflclty exist to the boundary of the site. 

Normal mass concrete foundations with stnp footlngs under external walls 

8" double reinforced floor slab with t ... monolithiC surface sUitable for fork 11ft trucks, 
aU taid on suitable hardcore beds. 

Light steel frame with lattice trusses and steel purhns for roof deck. All steelwork 
galvanised. 

Standard galvanised roof decking covered with t"' Insulation board and two layers of 
bUilt up felt (00'109 and covered with chlPPlngs All to be laid flat but to slight falls. 

To be of 41-" external facing brIcks p c. (20 per 1 000 with a cavIty and 4 • lightweight 
block internal insulating skin, all with necessary wall splttters. 

Main doors to 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 
Infllled 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 lotal volume. Loading docks should be 1 6' 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 1 5' min. should give minimum cost practical 
structures. A normal portal frame in uncased steel (cased stanchIons) and cold rolled Zed purhns. 

Roof 

Walls (external) 

Walls (Internal) 

Roof 

Walls 

Foundations 

Floor slab 

lighting 

Heating 

Sprinklers 

Ignore 

MaIn Warehouse: 22t'" pitch with asbestos cement standard six sandwich construc· 
tlon on purhns at 5' 6'" max. pitch. Glass fibre and nylon translucent sheets In pepper 
pot fashion to approx. 5% of roof area. Roof venlllators to approx. 1 % of roof area 
Galvanised sheet valley and caves gutters. Plastic downpIpes. 

Main warehouse : Assume 1 1  " brickwork up to 8' O· hIgh with Watford tIle sandwich 
construction above on sheeting taIls at 6' 0" pItch. No WIndows In walls. 

Ignore for this exercise. 

Loading Bay; Assume metal decking on castella beams 2% domellghts and 2% 
ventilations. 

loading Bay: As for main warehouse at ends with mechanically operated slidlOg 
foldIng doors (one each end) 20' Wide x 16' high. long wall to be 1 1 ·  brIckwork up 
to S' 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· hard core for 1 2' stacking height 
1 2"'  reinforced concrete on 1 8· hard core for 60' stackIng height 
(adjust for intermediate cases) 
All concrete with float finish and surface hardener, 

Assume 1 5  lumens in warehouse, 1 0  lumens 10 10adlOg bay. 

No heating to be provided. 

Assume full spunkier 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 IQ' • to the total cost. If  the piles are only say 1 2  feet deep, then it is 
not too expensive, but if 30 to 40 fOOl piles are required it would be. The basic problem in poor 
soli IS the floor slab. for a typical warehouse the centres of the pile caps would be say 25 feel by 
50 feel, 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 client will tend to look at the worst examples and experience; reliability will weigh heavily. 
Ancillary fUllctions 
Cloakrooms, offices, boilers, etc. An architect consultant would say they must be in the centre 
of the building, which might seriously compromise the efticiency of the layout. 
Fire regulations alld relluiremellls 
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 spnnl..lers. These considerations arc touched on later. 
Posilions of external serl'ices 
They may influence design. 
Comfort conditions for goods 011(1 staff 
Much prejudice is met here. 
Maintenance costs 
The problem of extra initial capital costs versus long�term day-to-day running costs. 
Layout 10 SII;I extemal 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 eApallsion plans 
Different companies have different 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 parI of the security precautions, 
and a lot of money could be spent on this factor. 
Lighting 
How many lumens arc required ? 25-30 lumens may be necessary. I t  might be better to evenly 
co ... er around 5°�o of the roof area with transluscent sheets; artificial lighting need only be 
enough (say 1 0-- 1 5  lumens) to allow a man to read tickets. 
lIeating 
I t  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 hcat. If  hcating i required for the product, then it is beller 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 
efficient equipment for handling them. Nevertheless, these arc factors of importance if both the 
initial capital cost and the subsequent running and maintenance costs are to be kept to a 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. 

6.4. Discussion of costs of modern conventional warehouse 
bui lding 
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The costs of the specifications tabulated in this section are shown in Figs. 1 7  and 18. These show 
how (a) the initial cost and (b) 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: 
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1 .  The cost per cubic foot of space in the modern conventional warebouse 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. 

2. There is some reduction in cost per cubic foot with increasing volume particularly in the 
range of 100 ()()() to I ()()() ()()() cubic feet total capacity_ 

3. 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 :  I and 4 :  1 (these results have not been shown). 

4. 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_ 1 7  Variation of capital cost (£) with volume and height of a modern 
conventional single storey warehouse 
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For example, as can be seen from Fig. 1 8 :  
(a) The cost per cubic foot at 1 2  feet building height differs by around 100%. 
(b) The cost per cubic fOOl at 24 feet building height differs by around 25%. 
(c) The cost per cubic foot at 48 feet building height differs by around 20%. 

\Vhllst the two specifications differ a little in detail, i t  is surprising that tbeir respective cost 
values should differ so much and by varying proportions, in onc case as much as two to one i n  
value. 

FIG.  1 8  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 quoting costs, for example in terms of superficial area of, say. 



brickwork or wall and noor covering. Usually, the costs arc not broken down into labour and 
materials and other factors separately, but an on-cost is added finally to produce a price. This is 
oftcn 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 building space, knowing the height z and the cost parameters 
a, B and A.  Table 1 7  shows the fOfmula. 

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

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 I of thh 
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 1 7  Development of cost formula (developed by Mr. E. Kay) for conventional 
warehouses 

V +  tM 

C = Cost per ft' 
z = Height 
u = RatiO of length to depth of floor 
N = (u + 1 )/Vu 
V = Free volume 
B + 2bV-fN 
A = kN 
C = az- 1 + ( k + 2Bv-fzi)N 

= az- I + BZi +A 
Ctb = Costs as per formula (new pence =p) 

C = Costs submitted bv Consultants Y (new pence = p) 
N = 2 (square floor plan) 

1 M  4M 1 6M 
z. etc. + C Coo C Coo C Coo C C .. 

new pence new pence new pence new pence 

t 2 It 1 2·t  t 2·t 9·8 9·8 t 0·2 t 0·2 9·t 5 9 2  
24 It 7·9 7·95 6·9 7·0 7·3 7·2 6·65 6·6 
36 It 7·3 7·2 6·05 5·9 6 05 6 1  5·2 5·3 
48 It 7·1 7 · 1 5  5·2 5·25 5·4 5 5  4·65 4·4 
60 ft 4·8 4·8 5·2 5 · 1 5  3·75 3·70 

Values of parameters 

A 
a 
b 
8 

-4·512t t3 ·8243 1 1  ·9298 t 9·6038 
31 0·897t 1 40·4364 t 64·081 6 95·2766 
273·425 - 1 49·325 - t 52·750 - t 589·300 

2·1 874 -0·5973 -0·3055 - t ·5893 

including code number 7 and 1 2  which are partly high-bay structures) and shows a range of 
£2·80 to £6·00 per squareJool with an average or £3·80 sq n (all 1968 prices). 

If  an average height of building 20 feet is selected then this is equivalent to around 14·5 
pence per cubic/oot which is considerably higher than the equivalent values of Fig. 1 8. 

An interesting point which shows up in  Table 4 of Part I is that the costs of building mainte­
nance per square foot per annum at an average value of 1 8p/sq ft 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 tbe long-term aim of reducing subsequent annual maintenance. 
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Allocated services-cost factors (TABLE 4 repfOduced from Part 1 )  

Company 
code No. , 2A 

501 Building 3·78 3 7  
cost" 

502 BuildIng 0-309 0 1 04 
maintenance 

503 Building 0 921 
cleaning 

504 Buildmg 
hire/rental 

505 Rates 3 57 4·0 

506 Building 0-096 1 ,1 9  
insurance 

507 Heatingt 0-0304 0·074 

508 Ughting 0-031 0,074 

509 Ventilation 

516 Janitor 0-055 
service 

-Equivalent current initial cost of bUIlding In f./sq ft. 

tHeallng factor given in shillings/cubic h. 

2. 

1 ·32 

0 073 

0 376 

0-0500 

0·068 

0 51 5  

Company No. 3 not shown but with value of 3·5 shllllngs/sq ft. 

4 5 

5 0  6 3  

0-0796 0-444 

0 226 0-093 

0 098 2 0  

0 48 0 1 2 

0,0269 0 01 5 5  

0 053 0 044 

6 

2 66 

0-270 

0-054 

3·25 

0-36 

0-0766 

0,095 

0 08S 

(Shilhngs/sq ft except where otherwIse stated) 

7 • 9 '0 " ' 2  1 3  ' 4  Averag. 

5 0  4 88 2 63 3'56 3,77 3 75 4 0  2 9  3-804 
3'5H8 

0·810 0 453 0-129 0-272 1 0  0·341 0 1 47 0 363 

0-825 0 272 0-465 0 05 1 5  0-18 0 343 

3·5 ' ,95 0 58 1 ·20 2 81 1 5 2 26 2 25 2 074 

0-27 0 23 0 06 0-097 0 5  0-155 0-1 1 5  0-311 

0·0657 0 099 0-0357 0·0261 0 0488 , ., 0·018 0-0266 o '21  

0-570 0 091 0·090 0 01 1 2  0·6 0 095 0·22 0·157 

0 095 0·095 

0·227 0-276 0 343 0-26 0·252 



Per.h�ps the �vid� va�iation i n  price to build a modern conventional warehouse is not so 
surprising, ,bearing I� mmd that the Building Research Station have investigated the number of 
hours requlre� 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. SkoYle� ?f the Build
,
ing Research Station, has been active for many years in calling 

for a review of traditional quantity surveying methods for building construction. He has ccasc­
lessl� advo�atcd the de,vclopmen

,
l 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 o�ly i n  te�ms of la

.
bour and materials but also in terms of relating architects design 

to co�t and s�te erection e�cJency. He also hopes to improve the specification of materials 
handh �g on site co.upled with �anagement planning of the whole job of designing, specifying, 
lendenng, 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 .  To try to 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 fOOl of space. 

Where justified, i t  would seem sensible to adopt simple designs with minimum heating and 
finish requirements to reduce the initi::tI capital cost, bearing in mind that the useful life of 
warebouse buildings may be shorlening in  practice because of more rapidly changing require­
ments oflhe markets for the products being stored, bandied and distributed today and in the near 
future. 

6.5. Specification for a h igh-bay warehouse structure 

I t  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 tban the other parts 
of the system, mainly for reasons of cost reduction i n  building, permitting maximum utilisation 
and efficiency 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 10 increase the stacking height and to reduce the 
aisle widths in conjunction with improved stacker crane design and operation. The racking 
is still free-sta.nding 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 MorMmaricol Model 0/ Q WQr�hous�, by E. Kay. June 1968. 
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TABLE 1 8  High-bay storage units-a sample of dimensional and cost data 

Company 

HI.ght of 'h,gh-bay' mam SIOrlg. h 
un!! 

Length of 'high·tHiy· 
mam stora". unit 

Width of "'ugh-bay' 
main Ilor.". unll 

No. of Il5les 

No of cells 

Volume 01 maIn 
'hlgh·bay· umt 

COSI 01 fltcklng only (1 969) 
COSI 01 bUlldmg only (1969) 

COil Icen of bUilding + 'Ickl"g 

m 

h 
m 

h 
m 

000 cu h 
000 cu m 

£ 
£ 

£ 

CoSt 01 'high·�y' building + 'Icklng 
(1 969) £ 

Co_Veil! ol 'Kkmg only £ 
CosVeu It of licking only £ 

, 2 , 

" . 8. 1 1 2 5 
335 25 ,4 , 

537 453 478 
141 3 '49 

13' 86 8. 
399 26 9 27 ' 

7 , , 
1 4 756 5 824 8 960 

7 738 3 355 4 820 
219 95 136 5 

485370 383 000 510 000 
537 660 220000 378 000 

693 103 5 991 

1 023 030 603 000 888 000 

33 37 6 31-7 
0-0627 0 0652 0 0590 

4 • 6 7 

6' 6. " 46 5 
,,, " '4 2 ' 4  2 

415 195 212 1 73 5  
126 5 59 4 64 6 52-9 

135 69 94 2. 
3. , 21 28 6 51 

8 5 6 2 

1 1  700 5 41 0  2 700 87. 

2 531 807 3 717 '51 
71 7 22 86 20 '  4 56 

525 400 73 000 81 350 18 200 
350075 159 470 102 650 35 800 

75 43 68 62 

875 475 232 470 184 000 '4000 

4' 1 3 5  3. (21 ) 
0 2076 0 0904 o 1 1 34 0 1 134 

• 9 , .  " 1 2  " ' 4  , .  , . 
-

•• 45 69 .. 54 45 57 5 65 9' 
25 ' 4  21 3065 ' 9 5  ' 4  1 7 5  ' 98  29 

276 84 282 218 '67 , ., 28' 528 60 
86 26 3 8. 68 52 47 86 9 160-9 1 8 3  

64 64 4' 3. 96 51 8. 97 6. 
2. 2. ' 25  9 3  3. ,. 4 9  29 6 18-3 

4 , , 2 4 3 5 " , 
7 000 2 380 (2 733) 2 850 3 800 4 000 (6 120) 1 0 670 3 794 

5 486 1 2  240 
1 377 21' 741 6 684 I 102 ,.8 , 311 3 329 342 

39 " 21 1 9 37 3 1 2  4 76 37 12 9427 

89 000 32 940 109370 , '25 000 20 830 " 875 208330 95000 
130 900 61 415 55730 , 2. 000 47 500 332 490 93000 

31 39 6 3. 4 4 • •  38 17 66 495 

219 000 94355 165 100 1 1 5 000 145 000 68 330 404 365 524 990 188 000 

12-7 1 3 85 2. , 32 " 21-75 1 9 52 25 
0-0646 0-' 532 o 1475 , o 1134 0 1 240 . 28 0 0626 0 28 
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TABLE 1 9  High-bay storage units-a sample of dimensional and cost data [con/d.) 

Company 1 2 3 • 5 6 7 8 

% utilisation of storage cube (ratio of 
rack storage 10 total W/H vel.) 66% 66% 66% 63% - 63% 60% 58% 

(0) Total cost/cu ft 0·132 0'1 1 7  0-" 7 0·346 0-29 0·25 0·33 0·16 
coal/cu m 4·67 4·15 4-15 1 2·2 10-24 8·83 1 1  ·6 5·65 

Cost of land (/sq It 0·298 0·1 1 7  -
(/acre 1 3 000 5096·5 - 8 000 - 8 000 8 000 -

(C)eOS! of land for (/1q ft 0·00270 

area 01 high. bay £/cu m 0·0953 

Ratio CID " 2'0% 

location U K  W W U K  U K  U K  U K  SWlll:e,· 
Germany Germany land 

Is order-picking Included In the Yes Yes 
warehouse system -, 

Racking inllgral with the budding Yes Yes Yes Yes Yes Yes Ves Ves 

9 1 0  1 1  1 2  1 3  I .  1 5  1 6  

56% 65% 63% 60% 53% 56% 55% 90% 

0·44 0·22 0'158 0-' 3 0-41 0·31 0'158 0 55 

1 5'54 7·77 5 3  4-6 14·5 1 0·9 1 9 4  

0'177 
- - 7 71 0  - - 41 7 - 8 000 

0 00176 0·0016 

0·0565 

2-0% 0 5% 

SWllter- W Swifter- W W USA USA U K  
land Germany land Germany Germany 

Yes but Yes Yes Yes Yes 
O/PG not 
included 

No Yes Yes Yes No No No 

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

Company , 2 4 5 

No_ of dIfferent unit loads 5 5 3 4 

UnIt load with 
Inches 79 99 72 48·5 

mm. 2009 2500 1 829 1 21 9  

·UnIt load depth (Into racking) 
Inches 54 57 48 22 

mm • 1372 1 700 ' 2 1 9  558 

• Unit load heIght 
Inche. 64 87 36 4' 

mm. 1626 2200 9'4 1 041 

·Unlt load volume (including paUet) 
cu ydl 5·85 1 2·2 2 666 0-9376 

cu m 4·48 9·3 2 039 0·7168 

·Unit load welgnt (mu.) (including pallet) 
lb. 3000 5600 2600 , 
kgms 1 364 2540 1270 

·Unlt load denSIty 
Ibl/cu yd 5'3 - 975 9781 

kgml/Cu m 304 - 57a 580 

• Where more thin one sIze largest runner is taken. 

5 7 8 

2 I I 

48 24 31·5 

1 2 1 9  609 800 

40 40 47·25 

1 0 1 6  1 0 1 6  1 200 

60 30 6' 

1524 762 1 550 

2·469 0·673 1 -946 

' -887 0-472 1 '488 

4480 1 1 20 2205 

2032 50a ' 000 

1 8 1 4  1 8 1 4  ' 1 33 

1076 1026 672 

9 ' 0  " ' 2  ' 3  ' 4  ' 5  ' 6  

2 , 2 , , 2 I , 

31'5 31·5 39·4 47-25 31 ,5 44 54 48 
800 800 '000 ' 200 900 1 1 1 7  1371 1 2 1 9  

47·25 47·25 47-25 39-4 47·25 54 46 40 

' 200 ' 200 ' 200 1 000 1 200 '371 1 1 68 101 6 

35·5 39-4 65·75 59 31-5 68'5 52 60 

900 ' 000 1670 1 500 aoo 1524 1 320 1 524 

, ·130 1 ·255 2·621 2·354 1 -004 2·334 2-765 2·469 

0-864 0-960 2'004 I aoo 0 768 1 ·784 2 1 1 4  ' -881 

3968 1764 1 1 02 2205 2205 2000 3000 4500 

1 800 aoo 500 ' 000 ' 000 a , 6  1361 2040 

3511 1 405 420 936 2 1 96 771 1 085 1822 

2083 833 250 555 1 303 45' 643 1 080 



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 morc 
careful design and stressing of steel racking structures to reduce material usage and 
thereby cost. 

�t the same ti r,nc, it i s  of growing importance that the fire detection and control systems should 
be ,Integrated with the structural design from the start, particularly with intermediate-level 
spnnkler syste

,
ms. Tables 18, 19 and 20 �ive some data on a sample of high bay storage units in 

several countries. The largest by volume IS approaching the 1 0  million cubic feet size, and heights 
are now up to 100 feet. 

FIG. 1 9  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 i s  interesting to note that: 

<a) I t  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 
rackjng is an integraJ 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 It 
million cubic feet. A frequent comment made in  connection with the decision to build a 
high-bay warehouse is that i t  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 assel. 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. It seems important for the 
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warehousing/distribution org:lnisation to beware of accepting a bigh·bay approach 
purely for these considerations without at least examining whether its operating costs and 
efficiency 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. 

(c) There do not appear to be any marked economies of scale of 2 million cubic feet. The 
designer can lake the view thal 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 [Dot and per 'cell' for high-bay 
slorage units (based on 1 969 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 fool of the high·bay structures and also the cost per 
cubic foot of the high-bay racking plolted against height of the high-bay unit. 

It is interesting to nole: 

(a) The cost per cubic foot reduces steeply between 40 feet and around lOO feet i n  height. 
After 100 feet, it levels off, suggesting that 10 build much over 1 00  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: SO. 

(c) The results from Figs. 1 7  and 1 8  have been plotted on Fig. 20 and indicate thal the high­
bay structure only begins to show cost advantage over around 60-70 feet. This suggests 
that il may be relatively uneconomic to design and build high-bay structures in the range 
of around 40-60 feet in height. Bcaring in mind the comments on the data collected for 
Figs. 1 7  and 1 8  earlier in this section, it seems that more research is needed to clarify ab­
solute values of cost per cubic fOOl of storage space and per storage position. In  fact this 
research has now been resumed at the National Materials Handling Centre. 

Figure 2 1  shows the variation of Ihe 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 morc 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 is required to confirm and enlarge the data available. 

Finally, it  i s  not amiss to make a brief comment on the relative importance of the cost of land 
�s�? for the sites of conventional and high-bay buildings. Table 1 9  shows (three examples) the 
IOltlal 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 arc very small, +-2%, 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-wherc the saving i n  land area would be say 1 30 000 square feet. This saving is  
approximately £25 000 if costed at £8000 per acre; whilst this saving is  considerable, when i t  is 
considered as an annuity over the (say 25 years) life of the warehouse, it is 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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I t  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. I t  
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 i n  mind that land near medium 

67 



sized towns can cost as little as £8000 per acre, and also that our survey i ndicates that some Swiss 
high·bay units are cost efficient. 

onversely. there are to date relatively few high·bay units i ll  the United States, and those 
mostly of modest height and built inside conventional buildings. This is not because there is 
necessarily plenty of land or that land is cheap; land near cities, where much industry is sited, can 
bejust as expensive as it is in industrial sites in Europe. I t  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 efficiently, 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 evell 
automated high·bay units, some of which have been described recently in their major handling 
magazines. 

6.6. Fire detection and control i n  conventional and h igh-bay 
warehouses 
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The warehouse designer is faced with these que lions amongst mallY others: 

I .  I s  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 subject. 

• The Problems of Fire in High-Bay WareJtolls�s. by C. E. WiIliams, published by the National Materials 
lIandling Centre. 



7. Control systems in warehouses 

7.1 . Objectives 

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

I 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 consumers and 
retail outlets, but also the main lines of information now which constitute the control system. In  
practice there may be many suppliers both within and out ide 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 wilh 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 I .  Figure 3 illustrates the CWS retail food and groceries network before the new regionaJ 
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 distribul"iOD control system 

Several similar operations will be controlled by these control systems :  

(i) The supply of goods from manufacturing plants and suppliers 10 the central warehouse 
(internal supply loop). 

(ii) 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 innuence 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 
morc expensive than simpler methods which the computer may have replaced.) 

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

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

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

(iii) ftlaintel/ollce and rulllling 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) Commissiolling 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 h igh-bay warehouse­
computerised or non-computerised 
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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 

I n  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 cont'roJ system 

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

(i) Feeding information from (a) to general services for stock updating and stock control. 
(ii) Producing order-picking lists from customers' order. 
(Ui) Producing programmed instructions for stacker cranes, etc., to operate them to the pre­

prepared order-picking lists. 
(;v) 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 is envisaged. 



There are severa,1 ?�stinct stages in the sophistication of equipment and methods which can 
carry out these actiVities : 

I ,  Simple systems employing tickets, clerical labour and possibly small printing machines. 
2. More .complex systems, en�ploying office machinery of considerable speed and complexity, 

�ut stili controlled by clencal personnel. The volume and rate of interchange of informa� 
tlon 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)(i) 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. 

I n  the past, it used to be fashionable to have a computer, and this desire to acquire one and 10 
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-off areas of production control, 
transportation, and above all as an aid 10 management decision-making. In Britain, while a few 
companies 3rc 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 l' 

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 ComplJler by Enid M umford. in which 
she describes some of the experiences of nine ind ustrial 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 staff 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  \\as 
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 Oows in a warehouse/distribution network. 
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It does not secm unreasonablc 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 includillg computer operation). 

What seems to go wrong is a lack of appreciation of the need to plan backwards from the 
desired cnd-point in time, even if this is several years in the future, which it almost i nevitably is 
when a new information system is required and implemented. 

PERT CHART 1 

POINT AT WHICH 
OECI�ION ABOUT 

� YSTEM SlSTEM ASS[SSM[ST <;OMPUTER SI10ULD 

I
y:' "�':!'::.'T�'G�A:cTc:"''""+( }w::"",,,,",!!,,-,-,,,-,':.!T.c""-':..' "C"O'"T,,',-' ----+CJ BE T ....... EN 

SYSTEM DESIGN 

D[{I�ION BY �OMlOSE 
THA T .... COllPUT(1I 
WOULD Et D[sIRABI.E --+ • 

72 

p�ESsupr TO rL .... CE 
ORDER tOf!. .,;OMPUT£II 

HUll DING COMrrTER 

DElIV[RY OF 
COMPUTER 

POINT AT WIlICH 
N[W SYSTEM 
MUST liE 
WORKING 

I. c. WORKING 
I I BACKWARDS IN 

� _ _ _ _ _ _ _ _ _ _  gy..£ '!Q. 11..�!!1"!!!' _ _ _ _ _ _ _ _ _ _  � TIME. COMPANY X 
1- "' SHOULD HAVE TRIED 
I I TO fiX TillS 

POINT AT WllICli SOMEONE 
O[(:IOES THAT TIlE EXISTING 
SYSTEM SIIOULD BE 
INVESTIG .... TED 

PERT CHART 2 

POSSIBLE INST .... LL 
MINI COMPUTERS 

SYSTEM POINT AT WHICH NEI .... SYSTEM INVESTIG .... TrON

�:;;:;:;;:;-
-+

C�
��-<>J}��.:� .. �::)��.::..:::::;�_���)-+ -.. 0 0 DESIGN ST .... RT WITII MUST BE WORKING 

• ' ,Y,m, ' 
SERVICE BUREAU 

ASSESSMENT 
WHlCII COSTS? 

S .... Y 9 t.IONTlIS 

COMPUTER 
DECISION 

BUILD COMPUTER 

S .... Y 12 MONTHS 

DELIVERY 
COMPUTER. 

This suggests Ihat a critical path plan (PERT Chart) approach could be useful, even in a crude 
form in setting down the actions necessary to satisry the basic queslion-'What has to be done?' 

The approach which too onen seems to be made is illustrated i n  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 or thinking which pervades the company. Jt should be 
stressed that some real effort should be put into preparing a PERT chart, or else, as is so onen 
the case, one merely has a nebulous diagram such as is i llustrated 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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dale 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 thc information is 
collected ; even tl��ugh 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 decision since it will ensure 
that both hardware and software are exactly what arc required for thc 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) may be 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 morc 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 beforc­
hand or develop during the investigation and installation of the new system. 

I n  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 ;11 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 off 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. I t  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 i t  is not appropriate to consider so early in the study.' 

• Computer Appllcalions in Manag�menl, ediled by John Birkle and Ronald Yearsley, published by Staples 
Pnss. 

t 'J"M EJ/�cl;ve Use o/Computers, by P. A. Losty, published by Casscll (London 1969). 
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7.3. Control systems. computerised or non-computerised : sources 
of cost data 
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The applicatIOn of sophisticated equipment to the design of warehouse control systems is a 
relatively new development : to date (here are only a few examples of installations which are fully 
on-llOc computer controlled. There are only a small number of organisations which have ex­
perience of designing. installing �Ind operating complex control systems for mechanised warc­
house . With regard to both hardware and software. 

These are3'i 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 
devel pment engineers, the 0 & M and systems analysis consultants and suppliers of hardware 
and software. 

I f 'order-picking,' 'order-assembly' and 'packing' activities are present then the control system 
may also be required 10 give commands to these areas, and these commands may or may not be 
on-line \\ ilh the input and output demands of the main storage function. 

The costs of the control system will V:lry 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 
required. 

econdly, an efficient control system for location and retrieval of goods avoids the necessity 
to recruit extra staff for peak tIInes 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 possible to make a sounder decision based on a review of alternative proposed costs and 
cost benefits. 

The evaluation 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 Wit waters rand. 
South Africa, published in Abacus (Australia), September 1 970. 

For eX:lInplc, if \\c consider t he case of a large high-bay warehouse with several stacker cranes. 
wc may be 'Ible to compare several possibilities for on-line real time control of the cranes. 

(a) 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. Ho\\ever, 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 Justified to use some of its spare capacity for invoicing pricing, order processing 
and stock control. 

(c) 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 macrune. 
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 tbe asso­
ciated i nterfacing with development and programming costs as little as £ 1 5 000-£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 (b), tbe 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 of replacing 
the several operators in solution (a) 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 o f  cost for the analysis of computerised process control and se rvice control 
systems for mechanised and automatic warehouses 

Code No. 
601 
602 
603 
604 
605 
606 
607 
608 
609 
610 
6 1 1  

661 
662 
663 
664 
665 
666 
667 

680 
681 

682 

683 
684 
685 

Computer processor unit 
Tape unit 
Disc pack unit 
Drum unit 
Printer unit 
Tape reader unit 
Tape punch unit 
Card reader unit 
Card verifier unit 
Teletype unit 
VIsual display unIt 

Repeat 621-631 

Repeat 641-651 

Software 
Tapes 
Discs 
Paper tapes 
Cards 
Paper 
Interfaces 

Computer room 
Computer installation and 

commissioning 
Computer fire detection 

and control 
Computer air conditioning 
Computer power 
Computer maintenance 

C.tegoties of pelsonne 
Card Puncher-Female 
Operator 
Junior Programmef 
Senior Programmef 
Systems Analyst 
Seniof Systems Analyst 
Computef Managef 
Computer Engineer 

Depreciation 
.. 
" 
.. 
.. 
.. 
.. 
.. 
.. 
.. 
.. 

Hire 

Lease 

Annual cost 
.. 
.. 

• 
.. 
.. 
.. 

Depreciation 

Initial cost 

Depreciation 
Depreciation 
Annual cost 
Annual cost 
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It is interesting. for example, that one can employ a manually operated stacker crane for 
picking at a cost of say £ 1 3 000 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 or 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, M IE E  
• omputers for Control of Automatic Warehouses', by John R. Sheard 
• Automation in Materials Handling and Distribution', by George J.  Savery, BA, M A (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 raced with the decision, particularly if a 
solution is required at reasonably low cost with a demonstrable adequate return on capital to be 
employed. 

7.4. Proposed plan of action by the company 
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A 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) It should seek advice from a range of organisations specialising in 0 & 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 reasibility study 
showing alternative systems and equipment of varying degrees of complexity. with their 
respective capital, rental, leasing, running and maintenance costs. 
The positil'e advantages or illilial systems analysis/O & M study cannot be over-stressed 
because they usually lead to a simply/yillg or the existing paperwork control system and 
thereby frequently elimillale the need to computerise. 

(b) Berore committing i tself to a particular type or 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. 

(cl) A senior member of the company's departmental staff concerned should liaise closely 
with a competent programmer/analyst during the design stage. In  addition, it  may be 
helpful if a team is set up c�lrly on in the overall design stage, consisting of representatives 
of the company, e.g. programmers, system analysts, 0 & 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 
arc agreed jointly. 

(e) The recent development or '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. I t  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 ror routine stock control, possibly on some other general 



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

(f) 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 it 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 equipment if available, or equipment 
leased. 

Some sources of information on control system costs 

National Computing Centre 

British Computer Society 

Choosing a CompUle, by Clare Smythe, published by Data Systems ( £ I ). 
This book, updated to 1 969, gives data on equipment from a large range of suppliers of visible 

record computers, punched card computers, 'mini' computers, magnetic fiJe computers. I t  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 1 968. 'Computers in handling systems'. 

Mechanical Handling. April 1970. 'Mini-computers; The catalyst materials handling engineers 
have been waiting for', by Rex J ngram and Dave McQuc. 

This article gives a very useful introduction to the possibilities of using 'mini' computers in 
handling systems. It  also gives a valuable table of the current range of 'mini' computers with their 
specifications and prices. The article is reprinted in this report as an appendix. 

Lists of 0 & M computer consultants and soft wan: bureaux, taken from Choosing a Computer 
1969. 

Financial Times, 29 May 1970 'Hand-me-down computers' by Geoff Slocornbe. 
This is a review of the advantages of purchasing second-hand computers. This represents a 

Jimited 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. 
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8 .  Conclusions 

8. 1 .  Part 1 and this Part 2 of the report arc 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 mu t 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 tbe 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 rrequently of the same order as labour and 
equipment costs. Thi applies equally to high-bay storage and to conventional storage. 

(c) 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 or the future cost effectiveness and cost 
benefits is advisable berore commitment, although the advent of 'mini' computers suitably 
interfaced with input and output equipment promise a cheap and reliable solution for 
many systems. 

The ractors (a) to (d) may best be exploited by consideration of entirely new warehouse systems 
and buildings rather than limited efforts to improve the cost efficiency of ex.isting out modes 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 or these distribution systems together with a systematic analysis to 
find the best locations for the optimum number of new warehouses. 

8.2. Even where very similar conventional systems for handling and storage systems identical 
products were cost analysed, differences in unit costs of 2: I were found. This and other evidence 
indicates that frequently companies do not know the true efficiency of their handling and storing 
systems. 
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1n few cases have the detailed costs n.nd 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) Difficulties in deciding what costing systems to use in order to marshal and compare costs 

and relate them to throughputs. 
(d) Conscious or unconscious desire on the part or 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. 



(e) Difficulties i n  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 onc hand and the 
company's general services computers on the other. 

(/) 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. 

8.3. 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. 

8.4. 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, it  is 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. 

79 



Bibliography 

WllllAMS, . � .  ) 970. The Costing of Nom/lillg & Storage ill Warehouses. I .  Conventional Warehouses. 
H MSO. 

I-([NRICI, S. B, 1 960. Standard Cosls/or manufacturing. McGraw.Hill. 

MOST, K. S. 1961 .  Ulliform Cost Accoulltillg. Gee & Co. Ltd. 

Regional Employment Premium. Department of Employment and Productivity. 

KAV. E. 1 968. A A1athemalical Model/or Handling ;" a Warehouse. Pergamon Press. 

GARBUlT, D. 1967. A Simple IlIlroduCliol1 /o Capital Expenditure Decisions. Pitman. 

'Tendering Documentation with a Production Bias', BRS Digest 97. 

SKOYLES, E. R. III/roducing Bills of Quantilies (Operatiollol Format). Building Research Station. Order 
ref. CP 62/68. 

SKOYU:5, E. R. 1967. Preparatioll a/ the Operational Bill. Building Research Station. 

SKOYLES, E. R. Examples from Bills of Quanlities (Operatiollal Format). Building Research Station. 
Order ref. cr 47/69. 

SKOYLES. E. R. 'The Operational Bill Comes into its Own', BRS News 1 3. 

IIULl7fT. M .  1970. UII;t Load Handlillg. Gower Press. 

Management [nformatioll Systems allll the Computer, Part I allll 11. The Institute of Cost and Works 
Accountants. 

Computer File Creation. National Computing Centre. 

Computers ;n Distribwion. National Computing Centre. 

80 

-------�====================����--------------



Appendix 

M i n i ­
com puters : 
the cata lyst materials 
hand l i ng engi neers 
have been wa iting for 
Rex Ingram and David McQue 

Why the materials handling man 
needs to know about computers 

It is goodbye to rigid 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 facil ity undreamed of until  
recently. Complete with basic 
accessories they cost on average about 
£5000 each and can be used i n  
conjunction with a large commercial 
computer or as part of a team of other 
minicomputers. The big advantage 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 

Most manufacturers ate 

prepared only to sell 

computers and few are 
wlllmg, or even able, to 
offer any kind of assistance 

with their use No doubt 
the Situation will change, 

but It IS now largely up 

will have to leam more 

about computers than he 

might have thought 

necessary. That IS not a 

bad thmg. Certainly those 

people who havtl 

purchased minicomputers 

during the past two years, 

while the market was 

preparing for Its current 

boom, seem to have 

managed well enough. 

starting off with a minicomputer you're not 
committing yourself to a particular scale 

to the customer to mstall 

hiS own system. Thus, If 

a materials handling man 

01 operation. The modular basis upon 
which minis work makes it possible to 
expand your system when you want to. 

IS to make the best use of 

the new tools available he 

MINICOMPUTERS ARE mlOlature ver­
sions oflarger commercial computers. 
Some afe faster and most afe 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 borne in  machine­
shops among the swarf, on process 
lines or in warehouses. One battery 

• A r the lime of writing this!ea!ure, Rex [,.grom 
WOJ a research fellow in the matuiais handling 
unit at the Cran/ield Ins/ituu a/ Technology. 
DOl/id A/cQue is an instrumentatfon engineer 
in the Instrumentation Section at Cranjield, 
whtre he NU been Invallled with minicomputers 

for tire last 3 )Iears. 

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 

electrical system entails haiting the 
rnaclunes being controlled and while 
it is out of action rewiring and extend­
ing. and then retesting, the whole 
control 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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All the In'ormlllon In 
the lIble ,S liken horn 

mllnulacturoll li18r8lUre. An 
cu:planal10n 01 the tlurns 
used '1'1 this IlIble ale 10 be 
found '" Ih. glossary on 
page 129 and In the tell' of 
the arlle!". So that 1he 
prices of the dllllHent com­
puters could be compalftd 
directly. Ihe price shown IS 
101 11 CPU, 4K Slore of 16-
bill, le 4X 1 024 words each 
of which comp'lses 1 6  
binary dlgl1s (bill), together 
with an ASA33 Teletype. 
Whele lhe compUlt'r h,s a 
word length cI B-bIlS. Ollhe 
510re :!OIIIIS ere Quoted i n  
bytes ( 1  byte S-bl"), then 
8n 81( 51011 I' used 101 the 
comparison. Where the word 
length IS ! 2·blls lhe price of 
lhe stole was scaled UP to 
91\18 Ihe Pflce 01 • SIore 
eQulIIalenl lO 4K of IS·blls. 
The Ihree smell mecl'lInes In 
the h5t ale Intended to be 
used 85 dedicated controllers 
af1d the price lor Ihem IS 
With B store of 1 K of 16· 
bits, or eqUivalent. 

4 Slore cycle Fa" Slores lIe 
generally mo,e expensive 
and mOle cnllcel 01 electrical 
environment. slow SIOles 
have grealer lole'lnces end 
reqUire lew, 11 any, adJust­
ments. 

' 0  Powe, failu,e/Auto ,ISla,1. 
eS$8nllal --olherwlse even 
a momentary powel loss 
(1 ,25th sec) can cau� data 
loss and program deslfUc, 
lion. 0 Opllcel S"" 
Standard. 

, 1 Slolage protection: essen­
tiel plograms mey be SWitch­
ed 10 a protected area of the 
stole 10 p,evenl the" COllUp­
lion by malfunction of olher 
progrllms. 0 Optional S 
Standa,d P Parllll N "'" 
Not available. 

14 Hits price is for 1 K Store of 
1 6  bit words (or eqUivalent) 

TIT and Computer main 
frame. These ale micro­
computers Ind ale really 
bell lulted for uses reQulllng 
minimum 510lage (1 K or 
less) Ind Jlle nOl rully SUit­
Ible lor 61lpanSlon beyond 
1 K, Ilthough thll is generllly 
pOlllble. 

1 5  1 2·bit WOrds. 
1 6  One corl store Indu Regis­

tll per Program Level. 
' 7  256 dlvlces 101el. Only one 

per level e.cept for 10weSl 
level. E .. pendebte to 64 
levels. 

1 8  TOlal number of devices on 
all levell, 
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MANUFACTURER 

ArClurus 

Burnl Hill 

Computer 
Automat,on 

Database 

Data General 

" " 

, 
ment Limited 
o.gltal 

Fe"ant. 
Genetal 

Packard 

.. 

Honeywell 

• •  

Interdata 

Interdata 

Intertechn,que 

Lockheed 

R E PR ESENTATIVI 
PRICE OF 
STANDARD 
CONFIGURATION 
tnelude5 
CompUTe. metn 

SYSTEM !r,me 
al 92 byt8l 01 
4096 word. 01 
eOle memory 
+ASRJJ 
T,I"yPt' 

18-C C1.9OO 

204 Cl.8oo" 

808 $9,770 

208 SlO.950 

81 6 '11 ,990 

21 6 11 0.000 

404 £4.840 

Nova $10,000 

Super 
Nova 513,750 

Micro 
1 6  £4.200 

MIcro 
1 

P O P  8/1 C7.0oo 
PO P  
8 L C4.850 

P O P  1 1  C5.4OO 

Argu. 
600 ' C2,930'· 

21'48 (5.023 

2115A £7.759 

316 C5.824 

416 (S.070 

M O D  1 (6.134 

M O D  4 £7,583 

Multj·8 £5,340 

NAC 1 6  $11 ,950 

WORD 
LENGTH 
BINARY 
DIGITS 
(BITS) 

" 

" 

1 8  

8 

" 

" 

" 

" 

" 

" 

, . 

12 

1 2  

" 

8 

1 6  

" 

" 

1 .  

" 

" 

8 

1 .  

K-1024 

MEMORY 
RANGE 
Minimum 
,. 
m,.,mum 
,�. 
m.mo<y caPKlty in 
KbYI8l {B) 
� 
wo!ds (W) 

4-64W 

i · 1 W  

4 - 1 6 8  

4 . 1 6 B  

4-16W 

4-16W 

1 - 65W 

1 -12W 

4-32W 

4·64W 

4-64W 

4_8WI5 

4-28W 

1 ·88 

4-SW 

4-8W 

4-16W 

4-16W 

4-648 

4·648 

4-328 

4·64W 

CYCLE 
TIME OF 
MEMORY4 

Time I'�'" 10 
obey I b"le 
.n".ueIIO" '" 
micro MCOnda 
(,. Mea) 

0 9  

5 0  

8 0  

2 7  

8 0  

2 7  

2 0  

2 4  

0 8  

6 0  

1 5 

1 • 
1 2 

4 0  

2 0  

2 0  

1 ·. 

1 0 

1 0 

1 0 

11 

1 0 

ADD 
TIME 

Micro 
.eco"ds 
('" MQ) 

2 4  

" 0 

24 0 

8 0  

" 0 

5 2  

51 0 

5 9  

0 8  

2 0  

4 

3 0  

3 0  

2 3  

9 2  

4 0  

4 0  

3 2  

1 9 

28 0 

31 

5 0  

2 0  

No. OF 
HAROWARE 
REGISTERS 

8 

5 

8 

8 

7 

7 

9 

7 

7 

4 

4 

5 

5 

8 

4 

7 

7 

7 

4 

2 

1 8  

1 6  

• 

No OF 
INOEX 
REGISTERS 

2 

o 

o 

o 

1 

1 

2 

2 

2 

o 

o 

o 

8 

o 

o 

o 

1 

o 

1 5  

1 5  

o 

1 "  

LEVELS ( 
INOIRECl 
ADDRESS 
No levebt 
Numbefo! 

lel/els { 1  
Unltm" ed 

No of 
·kllels {U 

u 

o 

1 

1 

u 

u 

u 

u 

u 

1 

1 

1 

2 

o 

u 

u 

u 

u 

o 

o 

1 

1 

M lcro Co!'"
!

'
��-,��,-____ ��� ________ �8,-���� ______ !:� ______ -,�,-______ � ________ _ 

Aevtheon 

Varien 

Welting house 

Xeroll Data 
System 
Xerox oete 
Sy.tam 

1 000 C5.980 

704 111.250 

520/1 $9.400 

620/1 (5.290 

P2000 n 5.000 

eE16 $11 ,990 

CF 1 S  110.000 

1 6  1 -64W 1 • 

1 .  4-168 

" 4-16W 

1 6  4·32B 1 5 

" 4·32W 1 ·8 

1 6  4-64W 3·0 

1 6  4·16W 8·0 

1 6  4·16W 2·6 

5 0  9 1 

4 3  1 0  3 1 

3·0 4 1 1 

4 , 1 2  2 u 

3·6 9 2 u 

.·0 1 9  2 1 

16·0 7 1 u 

'·3 7 1 u 

- ------�==�==============�----------------------



Vl I N I - C O M PUTERS 

)WE. INITIAL I N PUT/OUTPUT 
ULURE! PROGRAM 
UTO- LOAD HESITATEI BLOCK 
.nc CORE DIRECT TRANSFER 

LEVELS OF £51AR110 STORAGE M.nu,lt., MEMORY OEVICES 
PROTECTION11 LO.cled {M) CLASS ACCESS HARDWARE PER lEVEL 

ptional (O) NOI'�III.ble {N) NOllv,il.bl.(N) INTERRUPT OF INTfR 
tandanl{S) Au,om.loully Stlnd" d ( S) Stlnd81d (S) RUPT lo.ded (A) Dpl101Ut (O) " Ophon.1 (0) 

0 1 / 2  ,. 

1024 

0 M 32 

0 1 /2 32 

0 0 M 1 /2 32 

0 M 1 2 

1 / 2  256 

0 0 1 /2 62 

0 0 1 / 2  6 2  

0 0 64 

0 0 1 2 0 64 

0 64 

0 

0 1 2  12. 

0 0 1 / 2  256 

0 0 1 / 2  0 256 

0 

0 0 

1 / 2  1 6  

1 / 2  0 1 6  

0 1 / 2  0 256 

0 1/2 256 

0 32 

0 1 / 2  25617. 

0 1/2 0 2561' 

1 024 

0 M 1/2 256 

0 1 / 2  0 256 

0 1 28" 

M 64 

0 0 64 

0 1/2 32 

0 0 1 / 2  32 

POLLING 

H.,dw8<. (Hl 
SoItWI" (S) 

SOFTWARE 
PACKAGES FOR 
USE ON STAND": 0 
CONFIGURATIOt. 

SPECIAL AHflfTlble. (A, 
FEATURES O"'og co 

Sou.tll.ped Ed" IEI 
FOfI,.n(FJ 
U, Ir 'OU,,,'1n (U) 

Opl.olnl m,tlo prog, ..... bu A D U  A'.<lO ,oelelf',,,t dlK'IfIT>e'" 

Mul,.pl'lld ... od'SI.nd.t,d 

}.,,,m ... m,,, ADU 
{output 

A D U  

t,·",. "" ADEU " Iau ... e 
..od.uSlng .od ADEU S(.nonslluf;lIon 

wued d,com.l ."thm.uoe AOEU 

}comoo"", ADEFU 
1n$lruCUOns AO EF U  

Soltwa,e n,udw,.e 
�AOEFU compaubl8w!lh M,cIO 1 6  

J AO E F U  

ADEFU 

ADEFU 
l'flle msuuctJQn sel AOEU 

AU 

ADU 

A D E F U  
A O E F U  

A O E U  

AOEU 

16 I1em,,,lfl'll'SletSlfuC' } ADEFU 
lu,e .eg'S\ers ,n COf8 
80th mod�t hive 

A O E F U  vllflblewo.d length 

MlCrO·progrlmmable AOEU 

4 pl09tam l.vels SI.ndo.d A O E U  

25632 b,1 mtC.o-
prOllrammabl.loe.hon$ AOEU 

AOEU 

AOE U 
AOEFU 

VIo/' .. bI . ... OI'd 1" 11'1'1 
AOEU d",l env"onmen\ 

A O E U F  

H ... dwer. mull,ply .nd A O E U F  d,vlde . •• elume tlod. std 

MKh'MhM'WM'��"" i 
"" l h  computer AOEU 
AUlom."on 816 

216 ADEU 
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Conveyor control : A typical mini-computer application 

How a mi nicomputer might control 

8 simple overhead power-and- free 

sorting conveyor system : 

Empty carriers would ci rculate on 

the conveyor until switched into 

one of five loading spurs. When 

loaded they would leave by 

way of the a)Cit conveyor to an 

external process. The empty 

carriers would be returned on the 

return line and be recircu lated until 

needed again. Each of the loading 

spurs would be numbered for 

identification and would have 8 

reader capable of sensing the single 

digit that identifies the carriers. 

There would bel00 carriers i n  the 

system of 1 O d ifferent types. 

In a conventional control system 

using relay logic there would be a 

Because of their low cost one 
minicomputer can be used to control 
all the mechanical fUllctions pre­
viously conventionally controlled. 
Or, alternatively, several computers 
can be used, each one assuming 
responSibility for a limited number 
of lasks. SlIlcecontrol ls provided by 
programs which may be varied, a 
minicomputer can provide precisely 
the degree of control required and all 
deslfable features can Simply be 
programmed in. In other words 
minicomputers can be used as IIldivi­
duals, each doing their own jobs, 
or onc machine can be used for 
everything. Separate computers can 
be made to 'talk' to each other and 
IIlformation collected from one part 
of a handling system can be made 
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ten*position selector switch at 

each loading spur. The foreman or 

operator would select one particular 

type of carrier by setting the switch 

to the appropriate position. and only 

that type would be switched into 

the spur until the switch was reset. 

With only five spurs in the system, 

only half the carrier types could be 

loaded at the same time. Thatcould 

lead to hold ups i n  production furthel 

down the line and poor utilization 

of equipment, but the situation 

could not be avoided with such a 

simple conventional control system. 

A minicomputer could be used as 

an alternative to the relay logic. 

Provided the carriers could be 

identified as they passed each reader, 

any or all the types of carrier could 

available to a computer controlling 
another part. 

Which type of system 7 
Computers 3re already used in 
materials handling and warehousing 
and wired logic and similar control 
systems have been completely 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 tbe more 
expensive and previously available 

be switched down any spur. 

The computer could deal with all 

the readers, the diverters and the 

console which would be used to 

put instructions 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 several hundred spurs and 

readers, and several thousand 

different types of carrier, the system 

might become morecomplicated 

but the computer could still cope. 

machines is that very fast computers 
with store cycle times of less than 1 
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 limes and 
are therefore not nearly so critical. 
Computers which have been used i n  
warehousing s o  far have tended to 
fall into the gap between mini­
computers and large welJ-protected 
commercial machines. They have 
been both very fast and comparatively 
unprotected, And because single 
computers were used, long cables had 



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

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 lhe 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 expenence has been 
gained with it a second machine can 
be installed to do something else, 
while communicaling 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 les . 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
computer sitting 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 colltinues operating. 
One of the new minicomputers has 
all of its electronics and store 
mounted on a single 15 in 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 secunty con�ciou., and 
are loath to pass detailed information 
to a remote computer such a pov�i­
billty will be widely welcomed. Even 
if the large computing power of a 
commercial machme is stili required 
a minicomputer can be ulicd to com­
municate and act In  conccrt "Ith It. 

Materials handl ing the 
largest application 
Probably the largest application arca 
for minicomputers Will be 10 the 
control of materials handling equip­
ment. Stacker cranes, driverless 
towing tractors and conveyor dlver­
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. 8agshawc & Co is. for 
example, using one to control Its 
new automated high denstty pallet 
storage system. The fact that mini­
computers can be linked in modular 
fashion is of particular relevance In 
that application. 

One driverlcss 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, minicomputers arc fairly 
easy to understand. What IS much 
less easy is to decide which mlOl­
computer 10 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 IS known as 
read-only memory (ROM). 

The GPC has programs which arc 
clectncally alterable and comphes 
much more With the common con­
cepllon of a computer. A GP 
normally has more core store memory 
than an SPC simply because It is 
designed to do rather more. 

Although a GPC IS 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 Ifl the 
same way as an SPC. even though 
this would not make full use of It. 

The list of computer> (page 126) 
IS primarily of GPe, but some can 
be SPC. Each manufacturer has 
deSigned hiS machlOes to obey his 
own type of command system, so 
each has its o"n 'Assembler Langu­
age'. There is no common language. 

Price. Some manufacturers appear 
to offer minicomputers at very low 
prices. but generally on closer inspec­
tion what they are offenng IS only 
the basic unit to which must be 
added a teletype before use. 

To be able to use a mintcomputer 
the minimum requirements arc a 
central processor (CPU). a core store 
memory and some means of com­
municating .... lth the computer. The 
latter is invariably a teletype machme 
which allows program tapes to be 
prepared and read, and output 
from the computer to be punched on 
to paper [ape or printed out by the 
printer. The keyboard is the mam 
method of communicatlOg \\lth a 
computer. (The usual mput output 
form is a paper tape. rather than 
punched cards.) Some manufac­
turers list each of the above Items 
separately. 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 e,amined very 
carefully indeed. As the price of 
computers bas tumbled, the cost of 
printers, discs and drums has become 
disproponionately high. But tbe 
future trend in the cost of these items 
should only be downwards. 
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M i n i - com puters 
U sefu l facts about operating them 

The most Important operational aspects to 
consider when a mini -computer is control l ing a 
mechanical handl ing operation 

Word lenglh, The word length of 
a computer, or the register lengths 
used 111 normal working, have a con­
siderable effect on how the computer 
function", TYPical word lengths on 
minicomputers arc 8, 12 and 16 bits. 
On commercial machines the word 
lengths are 24 or 32 bits. A computer 
\\ Ilh a word length of 8 bits, or with 
corc 51 re organized In 8-blt words. 
IS  said to be a byle machine. Most 
mi nicomputers are now u"ing 1 6-bit 
organization. This allows a large 
Integer range \\ IlhoUI double length 
v.orkmg and also 3110 .... 5 a useful 
inslfu lion set which greatly assists 
program ming. 

A.femoryexpanSWfl. ThiS represents 
the range of core store Size that is 
available with each computer. Most 
minicomputer stores are built up in 
blod.s of 4 K words, but some use 4 K 
bytes, which are half the size, and 
generally the computer can be ex­
panded to at least 8K words In the 
basic ablnet. Thereafter additional 
cabinets are required. It  is Important 
to realize that the most expenSive 
part of any computer is IlS core store. 

lore cycle /lllIe. The faster the 
store on a computer. generally the 
marc expensive It be�omes and more 
Critical of its electrical environment. 
The most Important question to be 
asked under thiS heading IS whether 
a Job could not be done by a slower 
store. That can be calculated by 
examining the task, estimating how 
effiCiently It can be programmed on 
the computer being studied and 
deCiding whether the computer is 
un necessa rily fast. 

Add time. The add time I!. one of 
the indications of how efficient the 
computer IS. 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 hke with like. Some 
smaller minicomputers show up 
badly In this respect, but they have 
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not been designed to handle data at 
f:l�t rates. There being no advantage 
in their case. 

J-/ardware registers. A large num­
ber of hardware registers makes 
programming more efficient becaus

'
e 

there is less need to shuffle inter­
medIate results between store and 
accumulator register, and these 
results can be left 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. 

Le�'els DJ indirect addressing. It  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 
MOSI o f  the lerms used i n  Ihls leature are briefly delined In I h e  lollow. 
Ing glossary. In many cases a luller explanallon I1 found In Ihe lut. 

Add time Ihe Ilm. lak.en 10 perform a typical l ..... I. of i"dir.ct addrelSi "g: A hardware 
alllhm.IIC operallon faclllly for 510l'"g lIst relere"Ce5 Used as a mea"s 

of addreSSing a large SIOle wllh a" economlcll 
Accumulator Reg ilter : A colletllo" of sWllching word lenglh 
Cif CUltS which hold an operand 

8il A b'nlry dlgll Binary .Hllhmetlc IS nOI here 
explllned An e.planatlOn clIn be lound In lIny' 
Introductory work on compulel5 

Block Trln" e ,  � A melhod of mo ... ing I group 01 
sequentIal words ,"om Ihe cOle 510le periph.ral 
d .... ,c. 

Byt. Eigl'll bmlry dlglls. 

Core Store: On. 01 selleral delllces used 11 
compulers lor 510lmg programs and dala. W,lh a 
core store you can gel m'ormatlon In .nd out 01 
51011 more qUickly Ihan wllh larger Clpaclly Slores. 

DIIC Store � A means of SIOllng binlry data on I 
magnellc surfac. m Ihe lorm ot a dISC. Th,s is 
used 101 lhe bulk slolage of data 

Drum Stor.: Anolhel lorm 01 dall Slorage on I 
magnellc surface In Ihls Cl5e Ihe capaclly IS 
aglln large but nOt as la,ge ls wllh I diSC slore 

Interrupts: A melns ot Interruptmg low.r 
pllOllty progl8ms lor reat tlm. working In .Hecl 
I1 relers to I hlgh.r pflorlly program If'Ilerruplmg a 
lower prlonty proglam 

K: Short fOI Kilo. bul because blnlry Illllhmetic 
wOlk. OUl lactors 01 8 inslead 01 10 means 
1 024 4K 4 096. 

lenguage: A method 01 co<lIng a compuler by 
using glOups ot letters IIther Ihln numbers. 
Beceuse lellers ale IISler lor humans 10 remember. 
The ne8rer the Ilnguage appro.ch·1S English Ihe 
higher the IOllel .nd Iherefoll Iho more compl.x. 

Op.rand : A laclor In a cllcul8\10n. 

Page: The area of a Slore which 15 dlfeclly 
addlessable In a compuler. 

Peripherel: Any de ... ,ce externll 10 8 compul.r. 
11 15 usually an Inpul/outpul de",lce As"'"g 
;"'

�
����:

n
OI I number 01 posSIble sources 01 

Polling: A melhod of determining Ih. source 01 
ar: i"tarrupt $Ignal. 

Program : A sequence OI If'l$lluctlons. 
Compuler peopfe spell It the Amellcln way. 

Pow.r Failure Protection/Automatic Restart: 
A means 01 ensuflng Ihal m Ihe e ... enl of a power 
flllure programs are not corrupted. 

Soft-war.: AnOlher word for programs. 

Store Cycl. Time: The lime laken 10 
mterrogal8 I slore and pul ll back as r� was. 

Storege Protectio n :  Means 01 arranging for 
certain areas of a Slore 10 be sWllched 10 'read 
only'. Thai pr .... entS Ihe Inad ... ertent corruption 
01 a program by Olher programs which may not be 
luncllonlng properly. Corruption of program 
by olher programs prevents vllel program being 
o .... FfIdden by malfunction of other programs. 

Storage Register: A group of related memory 
cores mekiog up a wOld In a word 51011. 

Word length: A gloup 01 binary dIgits which 
CBn be used 10 lepresent an instruction or e numb.r. 
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