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FOREWORD

This year's DISK/TREND Report counts 58 companies in the rigid disk
drive business, five less than a year ago, so the industry's long-term
trend toward consolidation seems to have resumed.

U.S. firms still generate three quarters of the industry's revenues,
despite the well-publicized management and manufacturing problems a few of
the companies experienced during the last year. Perhaps the most encour-
aging thought is that the free market system works very well for this
industry: The companies which get to market early with significant new
products do quite well, especially if they also know how to produce disk
drives efficiently.

The DISK/TREND Report is now in its thirteenth year, and has been
published in three volumes for the last few years. The report on optical
disk drives was published in July, and this report on rigid disk drives
will be followed, as usual, with a separate report on flexible disk drives
to be released in November.

We are always willing to help you at any time by providing additional
information on the industry which we may have available. Your suggestions
for improvements in the DISK/TREND report are always welcome and are sin-

cerely appreciated.

James N. Porter

Robert H. Katzive
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INTRODUCTION

Changes in market channel definitions

Due to the growth in "aftermarket" distribution of drives in the personal
computer market, we have made a change this year in some of our market
channel definitions. Here are the terms, as used in this report:

* Captive -- no change; drives sold with systems also manufactured
by the same company.

* PCM/Reseller -- drives used in add-on subsystems for use with
computer systems of all types and sizes, plus aftermarket distri-
bution through wholesalers, dealers and other resellers.

* QEM/Integrator -- drives sold to system manufacturers to be used as
part of computer systems, plus sales to system integrators and
value-added resellers which assemble complete systems.

We suggest that you read the complete description of these definitions
included in definitions section of the report. Because market channel
shipment data was organized differently in previous DISK/TREND Reports, it
was not possible to show 1989 percentage change figures for PCM/Reseller
and OEM/integrator channels in several tables.

A new DISK/TREND feature: Shipments measured in terabytes

This year's DISK/TREND Report on Rigid Disk Drives includes information on
the total capacity of all disk drives shipped. Capacities are measured in
terabytes (one terabyte = one million megabytes), and the total capacities
for worldwide shipments are shown at the bottom of all shipment tables
included in the report:

* Summary section tables on total and OEM drives. Graphs displaying
capacity shipment projections have also been included.

* Unit shipment summary tables in each product group.
* Disk diameter shipment breakdown tables in each product group.

* IBM and PCM fixed disk drives for mainframes, continuing our prac-
tice for several years of including capacity data in this table.

Please note that unformatted capacities are used in all tables above,
since the DISK/TREND product groups are based on unformatted capacities
for individual drives. The only exception is the table on shipments of
IBM and PCM disk drives for mainframes, for which we have used formatted
capacities in the past and are continuing to do so, for consistency. We
will be interested in your comments on whether this information is useful
in your planning activities, and whether it is displayed in the most use-
ful way for your purposes.

1989 DISK/TREND REPORT
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SUMMARY: RIGID MAGNETIC DISK DRIVES

Industry size

| The industry's long term growth is expected to continue for the five
year span covered by this edition of the DISK/TREND Report, but the indus-
try also continues to be a mixture of winners and losers. The industry
has more than enough capacity to make the larger diameter drives, the
slower drives, and the lower capacity drives for which demand is shrin-
king. But the growth segments of the market want smaller physical size,
faster access and higher capacities, and the industry's growth companies
have been adept at sensing the direction of the market and establishing
volume production early in the game.

The continuing pattern of abrupt product mix changes makes it diff-
jcult for the industry to maintain a smooth growth curve. 1988's world-
wide revenues for all rigid disk drives were $20.4 billion, up 23%, but
the exbected revenues for 1989 will be only 9.5% higher, at $22.3 billion.
The forecasted 1990 revenues will be up more than 20%, but the 1992
increase will drop to barely 6%.

IBM's well advertised postponement this year of the new "Soquel"
drive for mainframe systems, combined with model changeover disruption of
low-end drive production, has provided the major dampening influence on
this year's revenue growth. |

The movement to drives with smaller disks, usually at Tower prices,

. the product cycles of major captive manufacturing programs, and the up-

and-down nature of major plug compatible drive programs all contribute to
the uneven pattern of forecasted growth shown on the tables in this year's

DISK/TREND Report.

- 1989 DISK/TREND REPORT
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TABLE 1
CONSOLIDATED WORLDWIDE REVENUES
RIGID MAGNETIC DISK DRIVES
REVENUE SUMMARY

-------------------- DISK DRIVE REVENUES, BY SHIPMENT DESTINATION ($M)----n=mnnommmcmmu-

1988 eeeeee- -- Forecast -—--

----Revenues---  —o---- 1989-c-oc —oeee- 1990 1991 - 1992

u.S. WH u.s. WHW u.s. WW u.S. WH u.s. WH
U.S. Manufacturers
1BM Captive 5,724.4 8,853.5 5,826.2 9,164.3 7,485.8 11,578.8 9,384.4 14,138.8 9,419.5 14,783.0
Other U.S. Captive 970.2 1,715.1 1,067.5 1,935.9 1,439.7 2,472.1 1,582.6 2,669.5 1,700.1 2,905.4
TOTAL U.S. CAPTIVE 6,694.6 10,568.6 6,893.7 11,100.2 8,925.5 14,050.9 10,967.0 16,808.3 11,119.6 17,688.4
PCM/Reseller 1,122.4 1,764.4 1,302.8 1,859.1 1,226.5 1,670.6 1,242.2 1,694.0 1,341.7 1,846.3

(5:'/
OEM/Integrator 2,092.7 3,124.5 2,531.8 3,606.1 3,315.9 4,512.2 3,779.2 5,157.0 3,881.6 5,461.3
J51¢

TOTAL U.S. NON-CAPTIVE 3,215.1 4,888.9 3,834.6 5,465.2 4,542.4 6,182.8 5,021.4 6,851.0 5,223.3 7,307.6

TOTAL U.S. REVENUES 9,909.7 15,457.5 10,728.3 16,565.4 13,467.9 20,233.7 15,988.4 23,659.3 16,342.9 24,996.0
1.1 |
Non-U.S. Manufacturers
Captive 145.5 2,439.1 298.4 2,754.0  379.3 3,069.5 503.7 3,037.6 588.5 3,049.3
PCM/Reseller 296.8  690.6 440.4  874.9 569.7 1,063.4 502.1 896.2 662.5 1,114.3
L\\T«
OEM/Integrator 564.8 1,836.8 751.8 2,161.8 961.9 2,502.6 1,179.3 2,882.7 1,415.8 3,189.2
o
TOTAL NON-U.S. REVENUES 1,007.1 4,966.5 1,490.6 5,790.7 1,910.9 6,635.5 2,185.1 6,816.5 2,666.8 7,352.8
/7 0
Al
Worldwide Recap ‘E\\q

TOTAL WORLDWIDE REVENUES 10,916.8 20,424.0 12,218.9 22,356.1 15,378.8 26,869.2 18,173.5 30,475.8 19,009.7 32,348.8

1989 DISK/TREND REPORT
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Marketing channels

As expected, last year's slight increase in the number of disk drive
manufacturers was only a temporary phenomenon. This edition of the
DISK/TREND Report lists 58 companies now in production or with announced
products, compared with the 63 included last year.

31 U.S. disk drive manufacturers are now listed, after deleting four
companies no longer in drive production. None of the deleted firms had
made shipments which were statistically significant. The net increase for
the Tist of 22 Asian manufacturers was two, including Sony, a company
widely expected to become a major industry participant. The number of
European manufacturers now producing rigid disk drives is now only 5, down
three from last year. Nixdorf and Newbury Data stopped rigid disk drive
production in 1989, and Lexikon's disk drive product Tine was displaced by
the joint venture of its parent company, Olivetti, and Conner Peripherals.

Users of the DISK/TREND Report should note that revenues are reported
at the level of each drive's first public sale. The price used for each
drive is the estimated value at the first time it is sold to a non-affil-
jated buyer, at captive end user, PCM/Reseller or QEM/Integrator levels.
Prices are based on disk drives alone, without controllers or other acces-
sories, and leased drives are valued at the price they would command if
actually sold.

An understanding of the relative price levels of captive, PCM/Resel-
ler and OEM/Integrator drives is important in interpreting DISK/TREND
revenue statistics, to avoid an exaggerated impression of the share of the
industry's total unit shipments held by captive drives. An approximation
of the OEM value of typical captive drives can be obtained by dividing

captive revenues for most types of drives by a factor of 4 to 5.

1989 DISK/TREND REPORT



WORLDWIDE REVENUES
BY MANUFACTURER TYPE

U.S. Manufacturers

IBM Captive
Other U.S. Captive
PCM/Reseller

OEM/Integrator

Total U.S. Manufacturers

Non-U.S. Manufacturers

Captive
PCM/Reseller

OEM/Integrator

Total Non-U.S. Manufacturers

Worldwide Recap
Captive
PCM/Reseller
OEM/Integrator

Total A1l Manufacturers

CONSOLIDATED WORLDWIDE REVENUES

TABLE 2

RIGID MAGNETIC DISK DRIVES
MARKET CLASS REVIEW

REVENUE SUMMARY

SUM-5

1988 Forecast
----Revenues--- —==-=- 1989----- 1990 991 1992
$M % $M % M
8,853.5 43.3% 9,164.3 40.9% 11,578.8 43.0% 14,138.8 46.3% 14,783.0 45.6%
+31.6% +3.5% +26.3% +22.1% +4.6%
1,715.1 8.3% 1,935.9 8.6% 2,472.1 9.2% 2,669.5 8.7% 2,905.4 8.9%
+18.6% +12.9% +27.7% +8.0% +8.8%
1,764.4 8.6% 1,859.1 8.3% 1,670.6 6.2% 1,694.0 5.5% 1,846.3 5.7%
- +5.4% -10.1% +1.4% +9.0%
3,124.5 15.2% 3,606.1 16.1% 4,512.2 16.7% 5,157.0 16.9% 5,461.3 16.8%
- +15.4% +25.1% +14.3% +5.9%
15,457.5 75.4% 16,565.4 73.9% 20,233.7 75.1% 23,659.3 77.4% 24,996.0 77.0%
+27.9% +7.2% +22.1% +16.9% +5.6%
2,439.1 11.9% 2,754.0 12.3% 3,069.5 11.4% 3,037.6 9.9% 3,049.3  9.4%
+.7% +12.9% +11.5% -1.0% +.4%
690.6 3.3% 874.9 3.9% 1,063.4 3.9% 896.2 2.9% 1,114.3 3.4%
- +26.7% +21.5% -15.7% +24.3%
1,836.8 9.4% 2,161.8 9.9% 2,502.6 9.6% 2,882.7 9.8% 3,189.2 10.2%
- +17.7% +15.8% +15.2% +10.6%
4,966.5 24.6% 5,790.7 26.1% 6,635.5 24.9% 6,816.5 22.6% 7.352.8 23.0%
+9.8% +16.6% +14.6% +2.7% +7.9%
13,007.7 63.7% 13,854.2 62.0% 17,120.4 63.7% 19,845.9 65.1% 20,737.7 64.1%
+22.8% +6.5% +23.6% +15.9% +4.5%
2,455.0 12.0% 2,734.0 12.2% 2,734.0 10.2% 2,5690.2 8.5% 2,960.6 9.2%
- +11.4% - -5.3% +14.3%
4,961.3 24.3% 5,767.9 25.8% 7.014.8 26.1% 8,039.7 26.4% 8,650.5 26.7%
-- +16.3% +21.6% +14.6% +7.6%
20,424.0 100.0% 22,356.1 100.0%5 26,869.2 100.0% 30,475.8 100.0% 32,348.8 100.0%
+23.0% +9.5% +20.2% +13.4% +6.1%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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Product mix

The tide has turned for the low-end fixed disk drives which provided
so much of the industry's growth in unit shipments for several years.
Shipments of fixed disk drives less than 30 megabytes peaked in 1988 at
7.9 million drives and are expected to decline to 4 million drives in
1992, with a corresponding drop in terabytes shipped each year.

The main application for low-end drives is the personal computer
market, and while there is enough overall growth in PCs to sustain signi-
ficant shipments for this group, higher capacity drives are faring better,
due to greater software complexity and heightened user sophistication.

Other groups of fixed disk drives are expected to continue a healthy
growth pattern through 1992. 1In 1989, shipment leadership has passed to
the 30-60 megabyte range, stimulated by rapidly growing sales of 286/386
personal computers. This product group is expected to remain the largest
of all DISK/TREND groups in unit shipments, with 12.3 million units
forecasted for 1992.

Underlying the growth in total unit shipments for all product groups
below 500 megabytes is the vitality of the industry's 3.5" product Tlines.
Within these capacity levels, 3.5" will have captured the lead in all
product groups by 1992.

However, it should not be forgotten that high-end drives provide a
major part of the industry's revenues -- with drives over 500 megabytes
expected to generate over half of the total revenues through 1992 and
almost half of the total drive capacity shipped during the same period.
In these product groups, 5.25" drives will be the shipment leaders within
a few years, and a byproduct of that development will be slower revenue

growth, due to the lower average prices the smaller drives will command.

1989 DISK/TREND REPORT



Figure 1

CHANGING PRODUCT MIX
Worldwide Rigid Disk Drive Revenue

$ millions
35 -

30 -

ore than 1 Gigabyte
25 -

20 -
500 MB - 1 Gigabyte
156 -
00 - 500 Megabytes
100 - 300 Megabytes
10 -
0 - 100 Megabytes
5 —
30 - 60 Megabytes
gi Under 30 Megabytes
0- = Cartridge & Pack

1988 1992
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WORLDWIDE REVENUES
ALL MANUFACTURERS

DISK CARTRIDGE DRIVES
DISK PACK DRIVES

FIXED DISK DRIVES
Tess than 30 Megabytes

FIXED DISK DRIVES
30 - 60 Megabytes

FIXED DISK DRIVES
60-100 Megabytes

FIXED DISK DRIVES
100 - 300 Megabytes

FIXED DISK DRIVES
300 - 500 Megabytes

FIXED DISK DRIVES
500 Megabytes to 1 GB

FIXED DISK DRIVES
more than 1 Gigabyte

Total Worldwide Revenue

% U.S. Mfg.

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.

TABLE 3

CONSOLIDATED WORLDWIDE REVENUES
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

REVENUE SUMMARY

120.2
-38.3%

1,712.4
-24.7%

2,908.1
+33.5%

1,672.4
+5.0%

2,314.9
+14.0%

2,505.1
+4.2%

3,847.4
+8.7%

7,210.2
+17.4%

100.0% 22,356.1

------ 1988--~-u
----Revenues---
™ %
67.5 3%
-39.8%
194.7 1.0%
-28.7%
2,274.1 11.1%
+1.0%
2,178.9 10.7%
+10.7%
1,592.4 7.8%
+38.3%
2,031.0 9.9%
+50.4%
2,404.8 11.8%
+18.2%
3,539.5 17.3%
+46.6%
6,141.1 30.1%
+21.5%
20,424.0
+23.0%
75.6%

+9.5%

74.0%

1.7%

13.0%

10.4%

11.2%

17.2%

32.2%

100.0%

1,385.1
-19.1%

3,365.3
+15.7%

2,156.6
+29.0%

2,842.1
+22.8%

2,805.2
+12.0%

4,120.5
+7.1%

10,036.8
+39.2%

26,869.2
+20.2%

75.3%
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1990 -1991 1992
% M % ™
3% 76.5 .3% 74.8 2%
+8.1% -2.2%
3% 53.3 2% 40.0 1%
-38.6% -25.0%
5.2% 1,082.7 3.6% 800.9 2.5%
-21.8% -26.0%
12.5% 3,574.4 11.7% 3,570.1 11.0%
+6.2% -
8.0% 2,785.3 9.1% 3,348.5 10.4%
+29.2% +20.2%
10.6% 3,607.5 11.8% 4,556.1 14.1%
+26.9% +26.3%
10.4% 2,914.0 9.6% 3,024.6 9.3%
+3.9% +3.8%
15.3% 3,826.0 12.6% 3,398.8 10.5%
-7.1% -11.2%
37.4% 12,556.1 41.1% 13,535.0 41.8%
+25.1% +7.8%
100.0% 30,475.8 100.0% 32,348.8 100.0%
+13.4% +6.1%
77.6% 77.2%
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TABLE 4
CONSOLIDATED WORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

UNIT SHIPMENT SUMMARY

UNIT SHIPMENTS 1988 Forecast
IN THOUSANDS ---Shipments---  —eeu-- 1989----- 1990 1991 - 1992
Units % Units % Units % Units % Units %
DISK CARTRIDGE DRIVES 65.7 A% 112.1 5%  164.9 7% 209.2 J% 0 234.0 %
-27.7% +70.6% +47.1% +26.9% +11.9%
DISK PACK DRIVES 24.8 1% 14.6 1% 10.6 - 6.9 -- 4.7 -
-26.6% -41.1% -27.4% -34.9% -31.9%
FIXED DISK DRIVES 7.,946.6 44,7% 6,858.2 33.0% 6,105.0  24.6% 5,195.0 18.0% 4,095.0 12.5%
less than 30 Megabytes +17.4% -13.7% -11.0% -14.9% -21.2%
FIXED DISK DRIVES 5,839.7 32.9% 8,227.7 39.5% 10,035.0  40.4% 11,440.0 39.5% 12,360.0 37.7%
30 - 60 Megabytes +40.8% +40,9% +22.0% +14.0% +8.0%
FIXED DISK DRIVES 1,669.4 9.4% 2,202.8 10.6% 3,414.5 13.7% 4,920.0 17.0% 6,540.0 20.0%
60-100 Megabytes +59.9% +32.0% +55.0% +44.1% +32.9%
FIXED DISK DRIVES 1,176.2 6.6% 1,888.7 9.1% 2,815.0 11.3% 3,995.0 13.8% 5,550.0 16.9%
100 - 300 Megabytes +122.4% +60.6% +49,0% +41.9% +38.9%
FIXED DISK DRIVES 550.2 3.1%  804.2 3.9% 1,165.7 4.7% 1,510.0 5.2% 1,815.0 5.5%
300 - 500 Megabytes +129.1% +46.2% +45.0% +29.5% +20.2%
FIXED DISK DRIVES 303.5 1.7% 418.7 2.0% 680.0 2.7% 910.0 3.1% 1,118.0 3.4%
500 Megabytes to 1 GB +56.7% +38.0% +62.4% +33.8% +22.9%
FIXED DISK DRIVES 190.4 1.1% 276.8 1.33  458.4 1.8% 745.0 2.6% 1,060.0 3.2%
more than 1 Gigabyte +32.5% +45.4% +65.6% +62.5% +42.3%

Total Worldwide Shipments 17,766.5 100.0% 20,803.8 100.0% 24,849.1 100.0% 28,931.1 100.0% 32,776.7 100.0%

+34.7% +17.1% +19.4% +16.4% +13.3%
% U.S. Mfg. 81.8% 80.0% 76.2% 72.9% 69.7%
Total Capacity (Terabytes) 1,769.9 2,337.1 3,341.3 4,529.8 5,840.2

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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Figure 2

CAPACITY SHIPMENT SUMMARY

Worldwide Shipments in Terabytes
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TABLE 5
CONSOLIDATED WORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

CAPACITY SHIPMENT SUMMARY

CAPACITY SHIPMENTS 1988 ——— -Forecast B
IN TERABYTES ---Shipments--- =eema- 1989-cace  comma- 1990--men  —mmee- 1991--m==  —em-ee 1992----~
Tbytes % Tbytes % Tbytes % Tbytes % Tbytes %
DISK CARTRIDGE DRIVES 1.8 A% 4.7 .2% 7.6 2% 10.3 2% 11.5 2%
+17.6 +161.9% +59.2% +35.4% +12.1%
DISK PACK DRIVES 4.0 2% 2.3 1% 1.9 1% 1.0 - .8 --
-35.5% -41.2% -18.5% -43.5% -21.8%
FIXED DISK DRIVES 198.4 11.2% 171.2 7.3% 152.6 4.6% 129.8 2.9% 102.3 ' 1.8%
less than 30 Megabytes +46.5% -13.7% -10.9% -14.9% -21.2%
FIXED DISK DRIVES 283.8 16.0% 396.5 17.0%  490.0 14.7% 559.0 12.3% 605.0 10.45%
30 - 60 Megabytes +64.6% +39.7% +23.6% +14.1% +8.2%
FIXED DISK DRIVES 140.9 8.0% 189.4 8.1%  297.9 8.95  433.1 9.6% 579.8 9.9%
60-100 Megabytes +66.9% +34.4% +57.3% +45.4% +33.9%
FIXED DISK DRIVES 189.0 10.7%  286.1 12.2%  465.1 13.9% 719.3 15.9% 1,128.3 19.3%
100 - 300 Megabytes +113.2% +51.4% +62.5% +54.7% +56.8%
FIXED DISK DRIVES 215.3 12.2% 311.5 13.3%  434.5 13.0% 564.6 12.5% 694.1 11.9%
300 - 500 Megabytes +119.7% +44.,7% +39.5% +29.9% +22.9%
FIXED DISK DRIVES 225.4 12.7% 312.3 13.4%  508.4 15.2% 674.0 14,95  801.0 13.7%
500 Megabytes to 1 GB +64.6% +38.6% +62.8% +32.6% +18.8%
FIXED DISK DRIVES 511.0 28.9% 662.7 28.4%  982.9 29.4% 1,438.3 31.7% 1,917.1 32.8%
more than 1 Gigabyte +51.5% +29.7% +48.3% +46.3% +33.3%

Total Capacity (Terabytes) 1,769.9 100.0% 2,337.1 100.0% 3,341.3 100.0% 4,529.8 100.0% 5,840.2 100.0%
+66.8% +32.0% +43.0% +35.6% +28.9%

% U.S. Mfg. 77.4% 75.1% 75.0% 75.5% 75.0%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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OEM market

When using data from this year's DISK/TREND Report on OEM shipments
and revenues, please note that changes have been made in market channel
definitions. The previous "OEM" channel designation has been changed to
"0EM/Integrator," and now includes only drives sold to traditional system
manufacturers, plus sales to system integrators and value-added resellers
which assemble complete systems. The previous "PCM" designation has been
changed to "PCM/Reseller," and has been broadened to include drives used
in add-on subsystems for use with computer systems of all types and sizes,
plus aftermarket distribution through wholesalers, dealers and other
resellers. This section covers only drives sold in the "OEM/Integrator"
market channel.

This year's DISK/TREND Report includes information on the storage
capacity shipped each year, as measured in terabytes, and this data has
provided some interesting insights on the OEM market. For example, the
total capacity of 100-300 megabyte drives shipped each year in the 1990-92
period is expected to be greater than for any other fixed disk drive
product group, even though unit shipment quantities will be higher for
other groups. Of course, by 1992, the 100-300 megabyte group will also be
the leader in OEM drive revenues, derived mostly from 3.5" drives.

The new capacity shipment data also highlights the growth of OEM
shipments of drives with more than 1 gigabyte capacity, which will provide
an estimated 23.7% of total capacity shipped for 1992. The forecasted
rapid growth of 5.25" drives in this group will provide most of the
momentum by 1992, with 65% of total unit shipments for the product group.

OEM drive producers have led the way in the industry's movement to

drives with smaller disks, and no end is in sight. Starting with the
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first shipment of the Seagate 5.25" 6 megabyte drive in 1980, OEM drive
manufacturers have been pushing 5.25" drives into higher and higher capa-
city ranges, culminating with this year's introduction of drives with more
than one gigabyte capacity, including a 5,400 RPM model.

The full size 5.25" form factor, in turn, lost shipment leadership to
half high 5.25" drives in all fixed disk drive product groups below 300
megabytes, and the half high 5.25" drives have now passed leadership on to
3.5" models. After introduction in 1983, the rapid rise of 3.5" drives
for personal computer applications has captured more than half of all unit
shipments for drives below 300 megabytes, and the 3.5" format is expected
to have a major impact on OEM drive shipments in the 300-500 megabyte
range by 1992. Further proof of the vitality of this trend is found in
the early shipments this year of OEM 2.5"-drives, which are expected to
provide aimost half of OEM/Integrator fixed disk drive shipments below 30
megabytes by 1992,

The loss of OEM market share for United States disk drive manufact-
urers which was underway in the 1984-85 period was reversed in 1986-87.
The reasons are probably found in the vigorous rate of new product intro-
ductions by U.S. manufacturers, primarily in small diameter disk drives,
and in the dramatic movement in the dollar/yen exchange rate.

After holding over 80% of worldwide OEM disk drive unit shipments for
many years, U.S. manufacturers dropped to 66.7% in 1985, but gained in
1986 and reached 78.4% in 1987. The U.S. percentage share of the OEM/Int-
egrator market (which no longer includes PC aftermarket sales) is holding
at 72.5% in 1988-89, but is expected to decline, as shipments of low-end

drives by non-U.S. manufacturers to their domestic markets increases.
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TABLE 6
OEM WORLDWIDE REVENUES
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

REVENUE SUMMARY

WORLDWIDE REVENUES C - 1988 - - --Forecast----- -
ALL MANUFACTURERS ----Revenues---  -=--eo 1989-ccen mncea- 1990--ce=  —meeee 1991-ccce comee 1992--w--
$M % $M % $M % M % M %
DISK CARTRIDGE DRIVES 47.7 1.0% 51.1 9% 56.4 8% 60.9 .8% 59.5 7%
-- +7.1% +10.4% +8,0% -2.3%
DISK PACK DRIVES 129.5 2.6% 84.0 1.4% 66.0 .9% 48.5 .6% 36.8 A%
-- -35.1% -21.4% -26.5% -24.1%
FIXED DISK DRIVES 849.3 17.2%  690.5 12.1%  593.8 8.5%  478.6 5.95  389.6 4,5%
less than 30 Megabytes - -18.7% -14.0% -19.4% -18.6%
FIXED DISK DRIVES 914.5 18.4% 1,310.0 22.7% 1,537.3 22.05 1,707.9 21.4% 1,733.1 20.2%
30 - 60 Megabytes - +43.2% +17.4% +11.1% +1.5%
FIXED DISK DRIVES 367.9 7.4% 452.6 7.9% 769.4 11.0% 1,057.9 13.1% 1,264.4 14.6%
60-100 Megabytes -- +23.0% +70.0% +37.5% +19.5%
FIXED DISK DRIVES 711.1 14.4%  900.4 15.6% 1,303.1 18.6% 1,784.9 22.2% 2,145.8  24.8%
100 - 300 Megabytes - +26.6% +44.7% +37.0% +20.2%
FIXED DISK DRIVES 798.1 16.1%  874.9 15.2%  937.4 13.3% 1,059.2 13.2% 1,082.8 12.5%
300 - 500 Megabytes - +9.6% +7.1% +13.0% 4+2.2%
FIXED DISK DRIVES 584.6 11.7% 607.9 10.5% 808.9 11.6% 810.1 10.1% 770.1 8.9%
500 Megabytes to 1 GB - +4,0% +33.1% - -4.9%
FIXED DISK DRIVES 558.6 11.2% 796.5 13.7% 942.5 13.3% 1,031.7 12.7% 1,168.4 13.4%
more than 1 Gigabyte - +42.6% +18.3% +9.5% +13.2%

Total Worldwide Revenues 4,961.3 100.0% 5,767.9 100.0% 7,014.8 100.0% 8,039.7 100.0% 8,650.5 100.0%

- +16.3% +21.6% +14.6% +7.6%
% U.S. Nfg. 62.9% 62.5% 64.3% 64.1% 63.1%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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TABLE 7
OEM HORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

UNIT SHIPMENT SUMMARY

UNIT SHIPMENTS 1988--cmn e Forecast-------
IN THOUSANDS ---Shipments---  --cu-- 1989---=n  —meee- 1990-u--m  —emee- 1991 1992
Units % Units % Units % Units % Units %
DISK CARTRIDGE DRIVES 51.4 .6% 88.3 8% 132.5 .9% 166.0 1.0% 183.0 1.0%
-- +71.8% +50.1% +25.3% +10.2%
DISK PACK DRIVES 20.2 2% 12.2 A% 9.3 1% 6.6 -- 4.5 -
- -39.6% -23.8% -29.0% -31.8%

FIXED DISK DRIVES 4,016.9  45.7% 3,384.4 31.1% 3,323.0 23.5% 2,844.0 17.0% 2,410.0 12.8%
less than 30 Megabytes - -15.7% -1.8% -14.4% -15.3%

FIXED DISK DRIVES 2,840.0  32.2% 4,406.5 40.4% 5,785.0  40.8% 6,955.0 41.3% 7,693.0 40.4%
30 - 60 Megabytes - +55.2% +31.3% +20.2% +10.6%

FIXED DISK DRIVES 607.1 6.9  933.1 8.5% 1,707.5 12.0% 2,494.0 14.8% 3,165.0 16.7%
60-100 Megabytes - +53.7% +83.0% +46.1% +26.9%

FIXED DISK DRIVES 728.7 8.3% 1,262.9 11.6% 2,003.1 14.2% 2,768.0 16.4% 3,585.0 18.8%
100 - 300 Megabytes - +73.3% +58.6% +38.2% +29.5%

FIXED DISK DRIVES 361.2 4.1%  495.3 4.6%  621.5 4.3  841.0 5.0% 987.0 5.2%
300 - 500 Megabytes - +37.1% +25.5% +35.3% +17.4%

FIXED DISK DRIVES 141.1 1.6%  226.5 2.0%  415.0 3.0%5 507.0 3.0% 591.0 3.1%
500 Megabytes to 1 GB - +60.5% +83.2% +22.2% +16.6%

FIXED DISK DRIVES 43.5 4%  106.3 9% 188.2 1.2 271.8 1.5% 390.0 2.0%

more than 1 Gigabyte -- +144.4% +77.0% +44.4% +43.5%

Total Worldwide Shipments 8,810.1 100.0% 10,915.5 100.0% 14,185.1 100.0% 16,853.4 100.0% 19,008.5 100.0%

-- +23.9% +30.0% +18.8% +12.8%
% U.S. Mfg. 72.5% 72.5% 69.4% 66.0% 62.9%

Total Capacity (Terabytes) 707.6 100.0% 1,066.5 100.0% 1,707.6 100.0% 2,372.5 100.0% 3,093.3 100.0%

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.
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Figure 3

CAPACITY SHIPMENT SUMMARY

OEM Worldwide Shipments in Terabytes
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CAPACITY SHIPPED
IN TERABYTES

DISK CARTRIDGE DRIVES

DISK PACK DRIVES

FIXED DISK DRIVES
less than 30 Megabytes

FIXED DISK DRIVES
30 - 60 Megabytes

FIXED DISK DRIVES
60-100 Megabytes

FIXED DISK DRIVES
100 - 300 Megabytes

FIXED DISK DRIVES
300 - 500 Megabytes

FIXED DISK DRIVES
500 Megabytes to 1 GB

FIXED DISK DRIVES
more than 1 Gigabyte

Total Capacity (Terabytes)

% U.S. Mfg.

Note: Percentage figures with plus/minus signs refer to year-to-year growth rates.

TABLE 8

OEM WORLDWIDE SHIPMENTS
RIGID DISK DRIVES
PRODUCT CATEGORY REVIEW

CAPACITY SHIPMENT SUMMARY

------ 1988
---Capacity----
R
E:B 2%
?:1 A%
109:3 14.3%
13?:1 19.7%
5§:2 7.5%
11?:6 16.8%
133:9 19.5%
9{:7 12.9%
63:0 8.7%
703:6 100.0%
67.3%
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- -----Forecast -
- 1989 1990-cnce coemme- - 1992
Units % Units % Units % Units %
3.6 3% 6.0 A% 8.0 3% 8.8 3%
+168.8% +63.0% +34.3% +10.3%
1.8 2% 1.5 -- 1.0 1% .8 --
-42.0% -18.5% -29.1% =21.7%
84.5 7.9% 83.0 4,9% 71.1 3.0% 60.2 2.0%
-15.7% -1.7% -14.4% -15.3%
214.8 20.3% 289.2 17.0% 347.7 14,7% 384.6 12.5%
+54.4% +34.6% +20.2% +10.6%
86.6 8.1% 163.1 9.6% 240.0 10.2% 305.2 9.9%
+62.7% +88.3% +47.2% +27.2%
191.5 18.0% 342.6 20.1% 531.8 22.4% 814.2 26.3%
+61.4% +78.9% +55.2% +53.1%
190.6 17.9% 228.5 13.3% 311.2 13.1% 377.7 12.2%
+38.3% +19.9% +36.2% +21.4%
157.3 14.7% 294.7 17.3% 363.1 15.3% 406.4 13.1%
+71.6% +87.3% +23.2% +11.9%
135.2 12.6% 298.6 17.4% 498.2 20.9% 735.0 23.7%
+118.0% +120.8% ) +66.8% +47.5%
1,066.5 100.0% 1,707.6 100.0% 2,372.5 100.0% 3,093.3 100.0%
+50.7% +60.1% +38.9% +30.4%
67.0% 68.9% 68.2% 68.7%
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M
U.S. MANUFACTURERS
Century Data -
Conner Peri?herals --
Data Genera 106.8
Digital Equipment 906.8
Hewlett-Packard 407.1
Ibis -
1BM 8,853.5
Imprimis 76.2
Maxtor --
Memorex -~
Micropolis -
Microscience International -
Miniscribe -
Plus Development -
Priam --
Quantum -
Seagate Technology -
Storage Technology --
Unisys 218.3
Western Digital -
Other U.S. -
U.S. Total 10,568.6
NON-U.S. MANUFACTURERS
Fuji Electric -
Fujitsu 879.1
Hitachi 247.4
Isot 16.0
JUC (Victor Company) -
Kyocera -
Lexicon 44.4
Mitsubishi 36.0
NEC 916.6
Nixdorf 78.0
Northern Telecom 33.5
Rodime -
Seiko Epson 12.0
Toshiba 160.8
Other Non-U.S. 15.3
Non-U.S. Total 2,439.1
WORLDWIDE TOTAL 13,007.7

Note: 1.

TABLE 9

1988 ESTIMATED MARKET SHARES
WORLDWIDE REVENUES OF ALL RIGID MAGNETIC DISK DRIVES

(Value of non-U.S. currencies estimated at average 1988 rates)

CAPTIVE

81.2

1.1
5.3
66.1
94.4
113.9
205.8
66.1
34.8
17.3
945.0
161.6
13.6
19.6

[#3]
[=25¢-] N BN
. .

oo anurlUR ol

28.1

100.0

TOTAL
OEM INDUSTRY
$M % $M %
36.7 7 43.9 2
241.2 4.9 253.8 1.2
-- - 106.8 .5
-- -- 906.8 4.4
12.4 2 420.6 2.1
49.5 1.0 49.5 .2
120.4 2.4 8,973.9  43.9
1,027.3  20.7 1,108.8 5.4
238. 4.8 304.9 1.5
-- -- 94.4 5
235.4 4.7 349.3 1.7
77.3 1.6 77.3 4
364.5 7.3 570.3 2.8
-- -- 66.1 .3
81.8 1.6 116.6 .6
87.5 1.8 104.8 5
401.6 8.1  1,346.6 6.6
-- -- 161.6 .8
-- -- 218.3 1.1
117.8 2.4 131.4 .6
32.3 7 51.8 3
3,124.5  63.0 15,457.5  75.7
36.9 .7 36.9 .2
595.1  12.0  1,689.4 8.3
257.1 5.2 884.8 4.3
215.6 4.3 231.6 1.1
39.9 .8 39.9 .2
72.0 1.5 72.0 4
3.3 .1 47.7 .2
6.9 .1 63.2 .3
319.0 6.4 1,235.6 6.0
-- -- 78.0 4
34.7 .7 68.2 3
84.2 1.7 129.2 .6
12.6 .3 24.6 .1
91.8 1.9 254.0 1.2
67.7 1.4 111.4 .5
1,8%.8  37.0 4,966.5  24.3
4,961.3  100.0 20,424.0  100.0

price levels above, to avoid distortion of total market value.

Drives sold in the PCM market by other than the original manufacturer are valued at PCM

2. The DISK/TREND estimates of revenue for each disk drive manufacturer include net sales
of disk drives only and do not represent total revenues for individual companies.
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Codes: 2 = 2.5" C = Captive
3 =3"-3.9" P = PC TABLE 10
5 = 5,25" 0 = OEM
8 = 8"-9,5" CURRENT PRODUCT LINES .
10 = 10.5" MANUFACTURERS OF RIGID MAGNETIC DISK DRIVES
14 = 14"
DISK/TREND PRODUCT GROUP: 1 2 3 4 5 6 7 8 9
. Fixed Fixed Fixed Fixed Fixed
Fixed Disk Disk Disk Disk Disk Fixed
Disk Disk Disk Drives  Drives  Drives Drives  Drives Disk
Cartridge Pack Drives 30- 60- 100- 300~ 500 MB- Drives
U.S. Manufacturers Type Drives Drives <30 MB 60 MB 100 MB 300 MB 500 MB 1GB >1 GB
Alpha Data : 14
Areal Technology 0 2,3 3
Carditt Peripherals 0 3 3
Century Data P,0 8 14 8,14 8 8
Comport 0 3 3
Conner Peripherals Y 3 3 3
Data General C 14 8,14
DDC Pertec 0 g 8 8 8
Digital Equipment C 17 5 5,14 14 ]
DMA Technologies 0 5 ]
Hewlett-Packard C.0 3 5 5 5.8 5,8 5
Ibis 0 14
TBH C,0 3 3.5 3.5 3,5,8,14 3,5,8,14 8,14 17
Imprimis (Control Data) 0,C 8,14 5 5 3,5,8 5.8 5,8,14 58,14
Kalok 0 3 3 3
Maxtor — 0 5 3.5 5 5 5
FFN TechnoToay 0 5
MicropoTis 0 5 5 5 5 5 5
Microscience International _ 0 3,5 3.5 3.5 3,5
Ttope 0 5 5 3,5 5
niscribe 0 3 — 3,5 5 5 5 5
Northern Telecom 0 8 8 8 <]
Plus Development P.0 3 3
Prairielek 0 2 2
Priam 0 5 5.8 5.8 5
Quantum 0 3 3,0 3
Seagate Techno logy 0 3,5 - 3,5 3,5 3.9
Storage Technology p.0 14
SyQuest Technology P,0 3.5
Unisys C 14 17
Western Digital P.0 3 3
Asian Manufacturers
“Alps Electric 0 3 3
fuj1 Electric 0 3 3
Fujitsu ~_C,p,0 3 3,5 5.8 3,5,8 5,8,10,14 5,8,10 8,10
Goldstar Telecomminication _ C,0 3.5 3,5
Hitachi C,P,0 3,5 3,5,8 5.8 3,5,8 5.8 5,8,14 8,14
Hyosung Computer C.0 5 5
JVC (Victor Company) 0 2,3 3
Kyocera 0 3 3
Magtron P, 0 5
Matsushita Com. Ind. 0 3 3 3
Mitsubishi Electric C.0 3,5 5 3.5,8 8 8
Mitsumi Electric 0 3
NEC C.0 14 3,5 3.5 5 3,5,8 5.8 5,8,14 8,14
Peripheral Technology 0 3 J
Ricoh ~—C,0 5
Samsung ETectronics — C,0 3
Seiko Epson C.,0 3 3 3
Sony C,0 3
Teac 0 5 5
Tok1co C,0 3 3
Toshiba _C,0 3 3 3.5 3,5,8 5,8 5,8
Y-E Data ~— 0 3 3
uropean Manufacturers
C,0 14 14 5,8 14
Kovo — C,0 14
Rodime P,0 3 3 3,5 3,5
Sagem 0 5 5 5
Siemens C,0 5 5 5
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TECHNICAL REVIEW

Competing technologies

Magnetic disk drive technology continues to advance, but the oppor-
tunities for indefinite expansion of areal density are disappearing as
flying heights approach zero. It is a matter of when, rather than if,
some of the technologies competing with magnetic disk drive technology
achieve footholds in markets now dominated by magnetic rigid disk drives.
The serious contenders are:

* Optical disk drives

* Bubble memories

* High capacity flexible disk drives

* Semiconductor memories

A11 have already established themselves in applications where char-
acteristics such as speed, removability, or environmental tolerance give
them unique advantages. Semiconductor memory, in particular, has advanced
down the learning curve at a faster rate than rigid magnetic drive tech-
nology, though progress is slowing as the complexity of product and pro-
cess technology increases. New forms of non-volatile semiconductor mem-
ory, notably ferroelectric technology, may turn out to be the ultimate
challenger to rotating disk data storage, but displacement will be gradual
and dependent upon performance and price comparisons in specific applicat-
ions for disk drives.

The advantages of magnetic disk recording have classically depended
upon continually improving recording densities, which translate directly
into lower cost. Higher density means fewer heads and disks for a given

capacity, thus reduced physical size, smaller motors, less heat, and lower
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power. And as densities have been improved, development in head position-
ing techniques has provided faster access.

Great competitive strength is now derived from the size of the world-
wide magnetic disk drive industry, which includes scores of well estab-
lished manufacturers and an amazing diversity of products. System manu-
facturers, employing thousands of engineers making their data storage
selection decisions, are comfortable and familiar with the magnetic disk
drive industry, know the system integration requirements for disk drives,
and have well established opinions on the credibility of specific manu-
facturers, based on extensive actual experience. These factors provide a
high level of momentum for magnetic disk drives which will not be undercut
by any potential alternative products soon, or without good reason.

Among the technological newcomers, it is reasonable to expect those
with outstanding strengths for specific applications to be successful in
gradually developing selected niche markets. Today's leading candidates
for commercial success are discussed in the following sections.

* QOptical disk drives: Because they use track densities approach-
ing 16,000 tracks per inch, optical disk drives are capable of
higher areal densities than magnetic disk drives now in use.
Optical disk drives now available or entering the market use
differing technologies, able to provide capacities per side
per disk in the range of one hundred megabytes to several giga-
bytes. However, the current technologies cannot provide perform-
ance equivalent to magnetic disk technology, nor can optical
drives yet compete on a product cost basis. The primary reasons
for using optical disk drives relate to removability of the

media, such as use in an automated library or for security
concerns.

Although not yet demonstrated, advocates of the various types of
optical disk media technologies believe that their disks will
provide archival lives which equal or exceed those of magnetic
media, with 10 to 30 years being commonly encountered specifi-
cations for archival Tife of the media. Lifetime is limited by
the gradual appearance of defects on the recording layer due to
the corrosive effects of water and oxygen on the metal films
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used in the recording layers of the media. The termination
point of media lifetime occurs when the error correction cap-
ability of the drive is no longer capable of coping with the
gradually increasing media defect density. More recently intro-
duced media using organic dyes as the recording material have no
metallic films and may offer improved stability.

Although no storage devices using removable media have been
large commercial successes without having media interchangeable
among drives of various manufacturers, optical drive producers
have been slow to agree upon standards except in the read-only
area. MWrite-once drives are largely non-standardized, but 5.25"
rewritable drives appear likely to be largely standardized using
a format worked out by various national and international stand-
ards bodies. Conflict still exists for 3.5" rewritable formats.

Non-reversible optical disks: The first optical disk recording
systems to enter the market were "non-reversible" or "write-once"
systems. After many years of costly development programs un-
dertaken by several European and Japanese manufacturers, such
devices are purchased and shipped routinely by major system
manufacturers, including IBM, Eastman Kodak, Toshiba, Hitachi,
and Digital Equipment Corporation. Whereas the initial products
manufactured were 12" in diameter, the trend is increasingly to
5.25" diameter drives. A 4.72" drive for professional use was
introduced by Yamaha in 1989, but there appears to be little
interest in 3.5" write-once optical drives.

Write-once drives operate by using a diode laser and suitable
optics and positioning mechanisms to produce a concentrated beam
that can remove, deform, or change the reflectivity of material
at the focal point of the beam. For readback, a diode laser,
operating at a lower power, scans the disk and the varying

light reflected from regions of differing reflectivity is
translated into bit patterns. Once an area of the disk is
written, it cannot be changed or rewritten.

Obviously, the market for this generation of optical disk sys-
tems will be limited to the niches which can tolerate non-revers-
ibility. In some applications, the ability of write-once stor-
age systems to maintain an audit trail or indicate whether or
not stored data has been modified is a significant benefit.
Large automated Tibraries that provide random access to tens or
hundreds of disks make the use of large scale write-once optical
storage attractive for engineering design firms, banks, insur-
ance companies and other organizations with massive records that
must be easily accessed. Library systems are needed in order to
make optical storage practical in a larger system environment.

Little displacement of magnetic disk drives by non-reversible
optical storage will result in the foreseeable future. Some
displacement of tape in archival applications is probable, but
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the growth of write-once technology will be limited by the
availability of rewritable optical drives.

* Erasable optical disks: The possibility for real inroads into
the market for magnetic disk drives exists with rewritable
optical disk systems, when cost-effective drives with improved
performance are available. Magneto-optical recording has seen
development activity for more than twenty years, and "phase
change" optical recording has attracted considerable attention
during the past few years. The performance of magneto-optical
drives exceeds that of write-once drives. Because it takes
somewhat less laser power to change the state of a bit than
required by write-once drives, the drive can rotate somewhat
faster for a given laser power, reducing latency and improving
data transfer rate. However, it will be years before rewritable
optical performance can approach the best magnetic drive technology.

Most current magneto-optical development programs involve using
a low power laser to change the magnetic state of the active
layer on a disk. The laser raises the temperature of the active
layer into the range of the Curie point while a magnetic field
is present, causing individual magnetic domains on the disk to
align with the direction of the external field. Changes in
magnetic orientation are detected during reading, as the affec-
ted spot on the disk causes a small rotation in the polarized
light reflected from the surface or transmitted through the
disk. However, magneto-optical drives now going into production
have not yet shown the ability to overwrite in place: A com-
plete sector must be erased before the sector can be rewritten.

Phase change optical recording involves a different type of
amorphous coating, in which individual spots on the disk are
changed by polarized light from a crystalline state, during
which light is reflected, to a non-crystalline state, during
which Tight is absorbed. Fujitsu has revealed a comparable
process in which different crystalline states are used to vary
reflectivity. Phase change recording is capable of only a
limited number of write/erase cycles before the signal to noise
ratio from the written area degrades excessively. Matsushita
Electric has reported achieving over a million cycles in the
laboratory and discusses media with 100,000 cycles as being a
future practical product. Phase change erasable media could be
in the marketplace as early as 1990.

A third possibility, potentially the least expensive to manu-
facture, is erasable dye-based technology. As of yet, only Timited
success has been obtained with this technique because developers
have not been able to demonstrate an adequately high number of
write/erase cycles, but there are applications, such as backup,
where this is not a major disadvantage. In mid-1988, Tandy
Corporation announced its intention to supply such a drive in

the future.
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Individual firms are also working on other proposed reversible
optical recording technologies, but none of them have overcome
all of the problems, which have included: Slow completion of

the reversal cycle, limitations on the number of reversals be-
fore degradation, expensive optical or laser components, poor

shelf life, limited lifetime of stored data, and low recording
density.

Magneto-optical storage has entered the manufacturing stage,

with over 5,000 drives shipped in 1988. While adequate media
supplies have been a problem, some producers have committed to
the heavy investment required to establish volume production
capability. Rewritable drives are now being produced by Canon,
Sony, and Ricoh (using an Olympus mechanismg with 1989 production
also expected from Maxoptix and others.

Read-only optical disks: The read-only optical disk category
is dominated by the CD-ROM. High storage capacities of 550 to
600 megabytes, but long access times, are typical of CD~ROM
technology, which borrows heavily from the designs of the 4.72"
CD audio players now in volume production. This technological
loan will keep CD-ROM costs low. Further, CD-ROM acceptance
benefits from industry agreement on the CD standards developed
jointly by Sony and Philips. In addition to the 4.72" CD-ROM,
which is limited in capability, high performance 12" read-only
drives are being shipped by Reference Technology. A 3.5" vers-
ion of the CD-ROM drive is under development by several firms.

It is technically feasible to use read-only media with write-once
drives, and 3M and other companies have proposed such media in a
5.25" format. However, the Tow costs of the CD-ROM relative to
read-write drives make it unlikely that read/write drives will
significantly inhibit the growth of the CD-ROM market.

Most read-only optical drives will be used with small systems to
provide personal access to large amounts of information. The
success of read-only optical disks depends upon the existence
and timely development of a data base publishing industry wil-
ling to make use of the CD-ROM format. As of mid-1989, there
were about 700 titles available on CD-ROM, and while few, if any
of these, seem 1ikely to generate high volume sales, the in-
creasing number of titles is generating interest among end users
and creating drive sales. One exception to the low volume patt-
ern is game titles. These appeared in Japan in 1988 and will be
offered in the U.S. in 1989.

No significant displacement of magnetic disk drives by read-only
optical drives is anticipated. They will retain a specialized
role as a form of electronic publishing and will appear on
systems as an adjunct to a rigid disk drive rather than as a
replacement device.
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* Magnetic bubbles: Bubble memories continue to succeed in mar-
kets requiring specialized packaging or operation under environ-
mental stress. At one time considered a possible challenger to
magnetic disk storage, bubble memory suffered a serious loss of
credibility after the 1981 departure of National Semiconductor,
Texas Instruments and Rockwell International from the field.
Even AT&T, with manufacturing by Western Electric, lagged behind
in developing internal bubble applications, despite the fact
that the basic technology was invented at Bell Laboratories. In
Japan, Hitachi and Fujitsu developed a modest production capab-
ility for bubble memory chips.

The rate at which the market for magnetic bubbles developed was
clearly not acceptable for the drop-outs, who wanted more immed-
iate returns on their investments. Bubbles' markets were obvi-
ously not the mainstream data storage applications dominated by
magnetic disk and tape drives. As expected by disk and tape
manufacturers, but not by many bubble manufacturers, the older
products were well established, mostly multiple sourced, and
getting better all the time.

Bubbles started to find suitable applications, once they were
actually in production and support chips became available. The
highest manufacturing levels are still maintained by Hitachi,
with most production used by Nippon Telephone and Telegraph for
a variety of telecommunication applications.

The bubble program of Intel Magnetics was especially instrument-
al in developing a wide variety of applications. Intel led the
market with 1 megabit chips, the introduction of support cir-
cuits and a guaranteed future price reduction policy. The com-
pany attracted a variety of customers in specialized and harsh
environment applications -- at least sufficient to establish
quantity production and start down the learning curve. However,
Intel elected to withdraw from the business in order to concen-
trate resources on more critical areas, and sold its magnetic
bubble business to MemTech Technology Corporation in 1986.

Bubble memories for both military and industrial applications
are also manufactured by Magnesys, which was formed in 1983. 1In
1988, Magnesys licensed Science Applications International Corp.
(SAIC), a defense contractor, as a second manufacturing source
for its bubble memories. Magnesys has begun offering bubble
cartridge storage systems in 360 kilobyte, 720 kilobyte, and 1.2
megabyte configurations, but the price is 10 to 15 times that of
equivalent flexible disk drives.

The non-volatility of magnetic bubbles and their suitability for
capacities too small to be cost effective for magnetic disk
drives has proven to be attractive to system manufacturers for
applications such as industrial control systems, robots, point
of sale terminals, portable computers, medical instrumentation,
avionic systems and militarized systems. Although bubble memory
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densities have reached 4 megabits per device, they are still not
cost competitive with magnetic disk technology. It is improb-
able that bubbles' prices will approach disks' prices -- and
bubbles will now have to defend their specialized markets ag-
ainst encroachments from ferroelectric semiconductor memory.

By the late 1990's, content addressable, high density bubble
memories based upon Vertical Bloch Line (VBL) domains and bubble
logic might be able to challenge disk memory in some applicat-
ions. Such memory chips might contain from 100 megabits to 1
gigabit of data. R&D efforts at Carnegie Mellon University and
in Japan have shown promise, but much remains to be done to make
VBL a practical technology. In the industrial sector, Magnesys
has begun commercial development of VBL memory technology.

High capacity flexible disk drives: It is within the capa-
bilities of today's technology to fabricate a 3.5" floppy disk
drive offering over 40 megabytes of storage capacity, and drives
with 20 megabyte capacity are expected to be in production in
1989. These high capacity floppy drives could compete in the
very low end of potential magnetic and optical disk drive mark-
ets. 10 and 20 megabyte 5.25" flexible disk drives available in
the market over the past several years have achieved only marg-
inal success. However, 3.5" drives with capacity in the 20
megabyte range have been announced by Brier Technology and In-
site Peripherals for 1989 shipment, and several firms in Japan
are working on 16 megabyte to 30 megabyte floppy disk drives.
Brier has announced a 43 megabyte 3.5" drive using a 26,000 BPI
and 1,021 TPI format. Insite's 3.5" drive uses standard magnet-
ic media with a visible servo pattern on the disk surface, com-
bined with optical tracking methods. Unfortunately, none of the
new high capacity flexible disk drive formats are compatible
with each other.

Perpendicular recording for flexible disks has the potential to
increase capacity without any significant increases in track
density. By using a sputtered thin film or a barium ferrite
coating on a Mylar substrate, perpendicular recording disks
could achieve Tinear densities of at least 50,000 BPI. Higher
track densities achieved through embedded servo techniques or
optical tracking methods could increase capacities by a factor
of four or more. Barium ferrite seems to have the edge at the
moment because of problems with head wear and stiction associat-
ed with contact recording on sputtered thin films.

Toshiba has disclosed the existence of a development project for
a 16 megabyte (unformatted) 3.5" drive based on barium ferrite
as the recording material. It uses 35,080 BPI and 542 TPI form-
at. In addition to Toshiba, Sony and Matsushita Electric have
revealed programs for 3.5" drives and media using perpendicular
recording.
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It is likely that the largest limitation to the development of
markets for the very high capacity floppy will be media avail-
ability. Success would require that media be produced by the
millions of units, which would be difficult with today's batch
sputtering processes, and durability remains a problem for thin
film media used with head in-contact floppy disk drives.

Another major probiem is that of incompatibility. So far, none
of the proposed drives being considered are interchangeable with
each other. It would be very unusual for a data storage product
based upon removable media to be successful without widespread
interchangeability of media between various manufacturer's drives.

An interesting development is the introduction of flexible media
drives that combine optical and magnetic technologies. Bern-
oulli Optical Systems (BOSCO), Insite Peripherals and several
other firms have active development programs for such products.
Such drives might offer significant competition in various app-
lications due to favorable drive and media costs.

BOSCO is a joint venture between Iomega and ICI, and has been
developing an optical disk drive using flexible media. The
5.25" write-once drive uses the Bernoulli principle, as do other
Iomega products, to position and stabilize the disk relative to
the head. The drive is unusual in another way: It has indepen-
deg? single stage rotary actuators and heads on each side of the
media.

* Stretched surface recording: SSR, as this technique is commonly
known, was devised by the 3M Corporation over the last several
years. It employs a disk composed of a plastic film with a
magnetic coating stretched across concentric cylindrical rings.
The chief characteristic of this technology is that it allows a
head to fly on an air cushion backed by a deformable surface
under the head. This provides close head-media separation
needed for high capacity but also makes the product head crash
proof. Disk drives using this design technique could be pro-
duced in either fixed or removable format and could offer the
same capacity as a small Winchester drive. The media, however,
will have a cost only 1/3 to 1/4 that of the rigid disk media
in current or projected use. 3M has had various arrangements
with other firms interested in developing SSR drives for several
years. Most, though not all, of these efforts have become in-
active. As of mid-1989, no SSR drives or media had been ann-
ounced, though reports of joint activity between 3M and Sony
appeared in the trade press in the first half of 1989.

* Semiconductor memory: The fast response time of semiconductor
memory has already won it a role in large and small systems
where it serves as a substitute for rigid drives where very fast
access to data or programs is required. Even personal computer
operating systems can allow part of main memory to be designated
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for use as a virtual disk. However, semiconductor memory is

expensive, ranging from a few hundred to a few thousand dollars
per megabyte, which limits its use to situations where its high
speed is vitally necessary for the system to meet requirements.

DRAM and SRAM memory chips, now available in 1 megabit configur-
ations, are expected to become available in 4 megabit sizes in
the early 1990s and readily available in 16 megabit configurat-
jons by the mid-1990s. Sample quantities of 16 megabit chips
from Matsushita, Toshiba and Hitachi are expected in the early
1990s, and IBM will be producing them for its own use. The
arrival of 64 megabit chips, not expected until the very late
1990s, is expected to signal the first real opportunity for
semiconductor memory to compete with magnetic disks across a
broader range of applications. Until that point, the cost and
performance of the rigid magnetic drive will have improved
enough to keep its solid state competitor at bay.

It is probably a mistake to assume that progress in semicon-
ductor memory technology over the next ten years can proceed at
the rate of improvement shown in the last 20 years. Because the
complexity, packaging problems, and performance requirements of
semiconductor memory have increased, the investment in time and
capital required to produce succeeding generations of chips has
also increased. As a result, the rate of semiconductor memory
price decreases is expected to slow.

Besides dynamic and static RAM chips, other forms of semicon-
ductor memory may compete with magnetic disk storage in the
future. These include ferroelectric memory chips and a form of
EPROM known as flash memory. Ferroelectric memories make use of
the properties of the electrically reversible polarization of
ferroelectric materials to form a capacitor, which is required
in the circuitry of semiconductor memories. Proper design can
produce a non-volatile memory cell that can be fabricated with
conventional planar processes but has smaller dimensions than
cells made with silicon dioxide capacitor dielectrics. Sub-
microsecond access times are possible. The number of write/
erase cycles possible exceeds a trillion cycles for the best
materials. Operating speed is equivalent to that of typical
DRAM, but not quite as fast as conventional SRAM. The fabricat-
ion techniques required to construct ferroelectric chips are
substantially the same as used for CMOS, which is a well under-
stood technology. Ramtron, which has been the most visible
developer of ferroelectric memory technology, has licensed it to
NMB Semiconductor company, ITT and Seiko. Ramtron and NMB are
jointly developing a 4 megabit ferroelectric memory chip. Krys-
alis Corporation plans to offer sample 16 kilobit ferroelectric
chips by the end of 1989, organized as 2048 bytes, and Ramtron
expects to have an 8 kilobit chip ready for sampling at the same
time. Krysalis has licensing arrangements with National Semi-
conductor.
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64 Kbit ferroelectric chips are anticipated by early 1991. By
the 1992-1993 time frame, chips with 1 to 4 megabit capacity
could be available selling at $10 to $20 per megabyte. 16 meg-
abit chips, probably available in 1995, should sell in the $3 to
$4 per megabyte range. Additional packaging and system costs
will be incurred to make the equivalent of a disk drive.

Ferroelectric memories will probably find acceptance in 'smart
cards' and in applications where loss of memory due to a power
lapse is a critical problem. Mechanical counting devices are
also subject to replacement. Ferroelectric memory will prob-
ably compete with magnetic drives in applications where the
environment is stressful and rapid access is required. This
includes military, industrial, and some high value commercial
applications, but does not embrace the broader classes of non-
volatile memory requirements served by rotating memory.

Flash memories are a form of EEPROM in which a block of cells
can be erased by an electrical signal. Current fabrication
technology can fabricate flash memories with a megabit per chip.
They are being developed by Intel, Seeq Technology and other
firms. While flash memories can be erased, it is not possible
to change only a few bits; an entire block must be erased and
this can take as long as half a second for the equivalent of a
disk sector. This means that whatever is in the cell block must
be saved to RAM and restored after the erase/write cycle on the
flash memory chip. There is also a 1imit to the number of times
the memory device can be rewritten. At present, flash memory
chips degrade beyond useability after about 10,000 write/erase
cycles. To the extent that rotating disk drives storing non-
changing or rarely changing data are used with computers embedd-
ed in process oriented equipment, they may eventually become
vulnerable to inroads from flash memories.

* Holographic storage: Holographic storage is a type of optical
storage in which an array of spots representing the mathematical
transform of an image is stored in an optically sensitive medium
in either two or three dimensions. When the medium is illumin-
ated, the image can be seen or projected upon a detector. Stor-
age media can be fixed or removable, and both write-once and
rewritable forms are possible. Early attempts to develop holo-
graphic storage for use in computer memories were unsuccessful
due to technical difficulties, such as a tendency of reading to
degrade the stored data, and inability to meet cost and perform-
ance constraints. But the very high storage densities and fast
access times theoretically achievable have encouraged ongoing
research and development efforts by many organizations
throughout the world.

One of the more ambitious holographic storage programs is being
conducted by MCC (Microelectronics and Computing Corporation), a
research consortium sponsored by major U.S. technology firms.
MCC is planning to show working prototypes of holographic mem-
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ories in a 5.25" form factor in early 1992. The devices will
have targeted capacities in the range of 200 megabytes to 10
gigabytes, average access times in the 1 to 10 microsecond range
and data transfer rates in the gigabyte per second range. The
storage medium, once written, can be read billions of times
without significant degradation. Once the prototypes are work-
ing, it will be up to the companies supporting the research
effort to convert the technology into working, practical pro-
ducts. Among the supporters of the MCC effort are DEC, NCR,
Imprimis, Eastman Kodak, General Dynamics and E-Systems.

Because holographic storage systems have no moving mechanical
parts, they have applications in military, industrial, and other
applications where ruggedized storage is essential. MCC is
projecting that the cost per megabyte of its holographic storage
will be 2 to 4 times the cost of magnetic storage of equivalent
unit capacity. If practical, holographic storage can virtually
eliminate the current limitations on throughput caused by
mechanical drives, and thus must be considered as having the
potential to effectively compete with magnetic and optical
rotating disk drives for selected applications in the late 1990s.
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Disk drive enhancements

Ever since IBM introduced the first rigid magnetic disk drives, drive
technology has continually been improved by contributions from other firms
as well as IBM. Until recently, IBM contributions have been outstripped
by a legion of aggressive competitors, especially in the area of small
diameter drives. 1989 product introductions have seen a resurgence in IBM
contributions, such as IBM's 320 megabyte 3.5" drive, with more to follow
shortly. The critical areas are discussed below.

* Head flying height: For high performance, high capacity rigid
disk drives, head flying height is well under ten microinches.
For some product development efforts, such as the single disk,
3.5" 100 megabyte drive being developed by Areal Technology, it
is under five microinches. Several firms are attempting to
design a drive in which there is no measurable flying height.
Because head flying height is a major determinant of achievable
areal density, reductions are of critical importance, but each
reduction requires a new level of sophistication in the prepar-
ation of substrates, coatings, overcoatings, heads and test
equipment. For instance, it appears that glass substrates may
be required to obtain the required smoothness and flatness for
flying heights under five microinches. Determining reliable
processes for manufacturing, coating, texturing and testing disk
media using glass substrates are major challenges, and the abil-
ity of substrate and media producers to ramp up production is an
unproven capability.

* Recording heads: Monolithic ferrite heads patterned after
IBM's 3350 designs dominated in early Winchester disk drives.
During the following years, PCM drives using heads designed to
compete against IBM's 3370, 3375, 3380, and other new drives
with ferrite heads having sliders with 3370 contours (mini-slid-
ers) became common. The outpouring of small diameter disk
drives from multiple OEM sources in the last decade embraced
the small head contours and drove the demand for higher perform-
ance, smaller heads. These pressures, in turn, drove the develop-
ment of composite and digital application metal-in-gap heads to
the product stage.

Conventional and composite ferrite heads are now available from
multiple sources, are routinely produced with good manufacturing
yields, and are competitively priced. They will continue to be
used for the majority of captive and OEM drives, while metal-in-
gap and thin film heads gradually reach high production levels
and ﬁecome price competitive with ferrite monolithic and compos-
ite heads.
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Metal-in-gap heads were first used by Japanese firms in the late
1970s for video tape applications, and are now used in DAT
recorders as well as small, high performance disk drives. They
can compete effectively with thin film heads in most applicat-
jons, although thin film heads are capable of performance ex-
tensions that metal-in-gap heads are unlikely to reach. The
choice of head type depends upon the flying height, desired
areal density, the characteristics of the media, and cost. Alps
Electric is the leading supplier of metal-in-gap heads. Metal-
in-gap heads appear particularly appropriate for microsliders
that, in conjunction with thinner disks, allow more disks per
drive while remaining within standard form factors.

1984 saw the beginning of thin film head shipments for small
diameter OEM disk drives. Production has overcome startup
disasters and is increasing as more vendors start to master the
process and gain control of process yields. Current major
producers include PCI (Imprimis), Applied Magnetics and Read-
Rite. However, metal-in-gap heads have proven capable of oper-
ation in many of the applications originally targeted by thin
film heads, so the demand for thin film heads has been much
slower to develop than many prospective producers had hoped.
Most thin film heads will be used in drives having very high
areal densities, and the ability of thin film heads to operate
at areal densities well above those achievable by other head
technologies guarantees them a role in future high capacity,
high performance designs.

Heads capable of reading or writing multiple tracks are not in
use yet, but may be employed when small diameter drives used in
mainframe applications enter the marketplace. Multi-track heads
will be used to improve performance by increasing the amount of
data available as a result of a single head movement, since the
cylinder size will be effectively increased by simultaneous
access to multiple tracks.

Recording disks: As the disk drive industry progressed through
succeeding generations of disk drives, disk media underwent a
refinement of the basic coating process to achieve a continually
thinner application of a uniform coating, plus improvements in
surface lubricants. Today, sputtered or plated thin film media
is rapidly displacing oxide, because oxide coated media is inc-
reasingly unable to satisfy areal density requirements. Even
IBM, a Tongtime oxide champion, has begun shipping drives with
thin film media, some of it IBM's own product.

For several years, there has been a stampede by numerous estab-
lished and new firms to install production capability for thin
film disks. Most have aimed at the market for 5.25" and smaller
disk drives, and the managements involved recognize the need to
establish credibility by offering facilities capable of produ-
cing large quantities of disks, with adequate process controls,
at prices competitive with oxide disks of comparable quality.
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Most of this activity has been generated because of the higher
density potential of thin film disks. Existing 5.25" and 3.5"
drives with less than 100 megabyte capacity need higher density
than oxide disks offer.

Things got started in 1981, with adoption of plated media by
Irwin International, IMI, New World, Evotek, SyQuest, and Texas
Instruments, all for 5.25" or smaller disk drives, and Ibis, for
14" drives. Ampex was the major supplier for the bulk of the
plated disks used through 1984. Several other companies also
installed production capacity for plated disk production, but
few remain in the business today. Many would-be manufacturers
of plated disks lacked adequate process control and were unable
to sustain high production yields or to meet delivery commit-
ments on a consistent basis. The industry now requires that
plated disks be supplied with a sputtered overcoat to provide
lubrication and mechanical protection at the head-disk inter-
face. Organic compounds are often used as surface lubricants
with the overcoat.

A second wave of companies using sputtering methods to deposit
thin magnetic films are shipping disks in significant quanti-
ties. These firms claim that the sputtering process is easier
to control than the plating process, usually resulting in sub-
stantially higher yields. Sputtering is also less subject to
water contamination. Sputtering lines are less flexible than a
plating 1ine, however, which is a factor in the difficulty that
producers of 8" disk drives have in obtaining assured sources of
sputtered 8" media. Sputtered disk producers are concentrating
on 5.25" and 3.5" media because the bulk of the near term demand
is in those sizes.

Many firms use both plating and sputtering technologies in mult-
iple layer disks, sputtering the magnetic recording layer on a
layer of plated nickel that isolates the substrate from the
magnetic layer. Like the plated disk, disks with sputtered
magnetic layers usually have overcoats for protection. Whether
sputtering or plating is used, thin film media producers have
automated their production processes to insure consistent pro-
cess control and to build production volume.

While most thin film media production has been from independent
producers, major system manufacturers, including Hewlett-Packard,
Digital Equipment and IBM, have begun to produce much of their
media requirements. This has the effect of reducing demand in a
market already overcrowded with manufacturers.

Aluminum has always been the substrate of choice for rigid disk
media, but some high capacity disk drives in the 3.5" and 2.5"
diameter range will be using glass or glass/ceramic as a sub-
strate material. Glass substrates are smoother and flatter than
aluminum, have fewer impurities that can cause defects, and can
be made very thin. These characteristics allow for lower flying
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heights and the inclusion of more disks in a stack, both highly
desirable features. However, because of low production volume,
they cost significantly more than aluminum substrates. There is
also limited industry production capacity at present. The
inherent smoothness of glass and ceramic substrates requires
them to be textured during manufacturing to avoid stiction.

Head positioning methods: The industry is not moving forward
rapidly with TPI improvements. Several of the highest perfor-
mance small drives operate at over 1,000 TPI, but such precision
is costly. The industry still has plenty of room for innovation
in this area. IBM introduced a triple density version of the
3380 in the last half of 1987 that uses an estimated 2,100 TPI,
and in 1989, Northern Telecom introduced a drive that operates
at 2,270 TPI. Some firms are investigating the use of optical
tracking techniques to obtain higher TPI, and IBM has shown the
feasibility of creating media with very narrow tracks. However,
considerable work will have to be done to develop heads capable
of working with such narrow track widths.

Perpendicular recording: Today's disk drives all use longi-
tudinal recording, making use of magnetic domains oriented para-
11e1 to the surface of the recording medium. 100,000 BPI could
theoretically be resolved by recording heads if magnetization
were oriented in a plane perpendicular to the recording surface,
and TPI could also be sharply increased.

A very large amount of development activity in perpendicular
recording has been underway in Japan, with application object-
ives in video and audio recording, as well as for data storage.
In the United States, IBM and other manufacturers have develop-
ment programs, but the first drive using perpendicular recording
was introduced by Northern Telecom in 1989. This 8" drive
offers 2.26 gigabyte capacity.

Lanx supplied sputtered small diameter disks to manufacturers of
existing high performance drives, with the objective of making
significant increases in capacity possible for existing drive
mechanisms at modest cost increases, but the firm ran out of
money before the drive manufacturers adopted the technology.
Censtor has announced production availability for a matched set
of disks and heads, and hopes to entice manufacturers of high-
end drives to improve the capacity of existing drive models.
Northern Telecom is the first manufacturer to use the Censtor
technology in an announced product.

Early developers of perpendicular recording discovered that the
high bit densities implicit in perpendicular recording resulted
in very high data transfer rates that available controllers for
small disk drives couldn't handle. C