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ON-THE-FLY REDUNDANCY OPERATION 
FOR FORMING REDUNDANT DRIVE DATA 
AND RECONSTRUCTING MISSING DATA AS 
DATA TRANSFERRED BETWEEN BUFFER 
MEMORY AND DISK DRIVES DURING 

WRITE AND READ OPERATION 
RESPECTIVELY 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

RELATED APPLICATION 

This is a division of application Ser. No. 08/642,453, ?led 
May 3, 1996, now US. Pat. No. 6,018,778. 

TECHNICAL FIELD 

The present invention lies in the ?eld of digital data 
storage and more speci?cally is concerned with disk drive 
controllers for multiple disk drives, generally known as disk 
drive arrays. 

BACKGROUND OF THE INVENTION 
Hard Disk Drives 

Hard disk drives are found today in virtually every 
computer (except perhaps low-end computers attached to a 
network server, in which case the network server includes 
one or more drives). A hard disk drive typically comprises 
one or more rotating disks or “platters” carrying a magnetic 
media on which digital data can be stored (or “written”) and 
later read back when needed. Rotating magnetic (or optical) 
media disks are known for high capacity, low cost storage of 
digital data. Each platter typically contains a multiplicity of 
concentric data track locations, each capable of storing 
useful information. The information stored in each track is 
accessed by a transducer head assembly which is moved 
among the concentric tracks. Such an access process is 
typically bifurcated into two operations. First, a “track seek” 
operation is accomplished to position the transducer assem 
bly generally over the track that contains the data to be 
recovered and, second, a “track following” operation main 
tains the transducer in precise alignment with the track as the 
data is read therefrom. Both these operations are also 
accomplished when data is to be written by the transducer 
head assembly to a speci?c track on the disk. 

In use, one or more drives are typically coupled to a 
microprocessor system as further described below. The 
microprocessor, or “host” stores digital data on the drives, 
and reads it back whenever required. The drives are con 
trolled by a disk controller apparatus. Thus, a write com 
mand for example from the host to store a block of data 
actually goes to the disk controller. The disk controller 
directs the more speci?c operations of the disk drive nec 
essary to carry out the write operation, and the analogous 
procedure applies to a read operation. This arrangement 
frees the host to do other tasks in the interim. The disk 
controller noti?es the host, eg by interrupt, when the 
requested disk access (read or write) operation has been 
completed. A disk write operation generally copies data 
from a buifer memory or cache, often formed of SRAM 
(static random access memory), onto the hard disk drive 
media, while a disk read operation copies data from the 
drive(s) into the buifer memory. The buifer memory is 
coupled to the host bus by a host interface, as illustrated in 
FIG. 1 (prior art). Disk data is often buffered by another 
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2 
static ram cache within the drive itself. The drive electronics 
controls the data transfers between this cache and the 
magnetic media. 
Disk Drive Performance and Caching 
Over the past twenty years, microprocessor data transfer 

rates have increased from less than 1 MByte per second to 
over 100 megabytes per second. At the current speeds, 
hierarchical memory designs consisting of static ram based 
cache backed up by larger and slower SRAM can utilize 
most of the processor’s speed. Disk drive technology has not 
kept up, however. In a hard disk drive, the bit rate of the 
serial data stream to and from the head is determined by the 
bit density on the media and the RPM. Unfortunately, 
increasing the RPM much above 5000 causes a sharp drop 
oif in reliability. The bit density also is related to the head 
gap. The head must ?y within half the gap width to dis 
criminate bits. With thin ?lm heads and high resolution 
media, disks have gone from 14" down to 1" diameter and 
less, and capacities have increased from 5 MBytes to 20 
GBytes, but data transfer rates have increased only from 5 
to about 40 MBits per second which is around 5 MBytes per 
second. System performance thus is limited because the 
faster microprocessor is hampered by the disk drive data 
transfer “bottleneck”. 
The caching of more than the requested sector can be of 

advantage for an application which makes repeated accesses 
to the same general area of the disk, but requests only a small 
chunk of data at a time. The probability will be very high 
that the next sector will already be in the cache resulting in 
Zero access time. This can be enhanced for serial applica 
tions by reading ahead in anticipation before data from the 
next track is requested. More elaborate strategies such as 
segmenting and adaptive local cache are being developed by 
disk drive manufacturers as well. Larger DRAM based 
caches at the disk controller or system level (global cache) 
are used to buifer blocks of data from several locations on 
the disk. This can reduce the number of seeks required for 
applications with multiple input and output streams or for 
systems with concurrent tasks. Such caches will also tend to 
retain frequently used data, such as directory structures, 
eliminating the disk access times for these structures alto 
gether. 

Various caching schemes are being used to improve 
performance. Virtually all contemporary drives are “intelli 
gent” with some amount of local buifer or cache, i.e. 
on-board the drive itself, typically in the order of 32K to 
256K. Such a local buifer does not provide any advantage 
for a single random access (other than making the disk and 
host transfer rates independent). For the transfer of a large 
block of data, however, the local cache can be a signi?cant 
advantage. For example, assume a drive has ten sectors per 
track, and that an application has requested data starting with 
sector one. If the drive determines that the ?rst sector to pass 
under the head is going to be sector six, it could read sectors 
six through ten into the buifer, followed by sectors one 
through ?ve. While the access time to sector one is 
unchanged, the drive will have read the entire track in a 
single revolution. If the sectors were read in order, it would 
have had to wait an average of one half revolution to get to 
sector one and then taken a full revolution to read the track. 
The ability to read the sectors out of order thus eliminates 
the rotational latency for cases when the entire track is 
required. This strategy is sometimes called “Zero latency”. 
Disk Arrays 

Despite all of the prior art in disk drives, controllers, and 
system level caches, a process cannot average a higher disk 
transfer rate than the data rate at the head. DRAM memory 
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devices have increased in speed, but memory systems have 
also increased their performance by increasing the numbers 
of bits accessed in parallel. Current generations of proces 
sors use 32 or 64 bit DRAM. Unfortunately, this approach is 
not directly applicable to disk drives. While some Work has 
been done using heads With multiple gaps, drives of this type 
are still very exotic. To increase bandWidth as Well as storage 
capacity, it is knoWn to deploy multiple disks operating in 
concert, i.e. “disk arrays”. The disk array cost per MByte is 
optimal in the range of 1-2 GBytes. Storing larger amounts 
of data on multiple drives in this siZe range does not impose 
a substantial cost penalty. The use of tWo drives can essen 
tially double the transfer rate. Four drives can quadruple the 
transfer rate. Disk arrays require substantial supporting 
hardWare, hoWever. For example, at a 5 MBytes per second 
data rate at the head, tWo or three drives could saturate a 16 
MByte per second IDE interface, and tWo drives could 
saturate a 10 MByte per second SCSI bus. For a high 
performance disk array, therefore, each drive or pair of 
drives must have its oWn controller so that the controller 
does not become a transfer bottleneck. 

While four drives have the potential of achieving four 
times the single drive transfer rate, this Would rarely be 
achieved if the disk capacity Were simply mapped consecu 
tively over the four drives. A given process Whose data Was 
stored on drive 0 Would be limited by the performance of 
drive 0. (Only on a ?le server With a backing of disk activity 
might all four drives occasionally ?nd themselves simulta 
neously busy.) To achieve an improvement in performance 
for any single process, the data for that process must be 
distributed across all of the drives so that any access may 
utilize the combined performance of all the drives running in 
parallel. Modern disk array controllers thus attain higher 
bandWidth than is available from a single drive by distrib 
uting the data over multiple drives so that all of the drives 
can be accessed in parallel; thereby e?fectively multiplying 
the bandWidth by the number of drives. This technique is 
called data striping. To realiZe the potential bene?ts of 
striping, mechanisms must be provided for concurrent con 
trol and data transfer to all of the drives. Most current disk 
arrays tend to be based on SCSI drives With multiple SCSI 
controllers operating concurrently. Additional description of 
disk arrays appears in D. Patterson, et al. “A Case for 
Redundant Arrays of Inexpensive Disks (RAID)” (Univ. 
Cal. Report No. UCB/CSD87/391, December 1987). 
Reliability Issues 

If a single drive has a given failure rate, an array of N 
drives Will have N times the failure rate. A single drive 
failure rate Which previously might have been adequate 
becomes unacceptable in an array. A conceptually simple 
solution to this reliability problem is called mirroring, also 
knoWn as RAID level 1. Each drive is replaced by a pair of 
drives and a controller is arranged to maintain the same data 
on each drive of the pair. If either drive fails, no data is lost. 
Write transfer rates are the same as a single drive, While tWo 
simultaneous reads can be done on the mirrored pair. Since 
the probability of tWo drive failures in a short period of time 
is very unlikely, high reliability is achieved, albeit at double 
the cost. While mirroring is a useful solution for a single 
drive, there are more e?icient Ways of adding redundancy 
for arrays of tWo or more drives. 

In a con?guration With striped data over N “primary” 
(non-redundant) drives, only a single drive need be added to 
store redundant data. For disk Writes, all N+1 drives are 
Written. Redundant data, derived from all of the original 
data, is stored on drive N+1. The redundant data from drive 
N+1 alloWs the original data to be restored in the event of 
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4 
any other single drive failure. (Failure of drive N+1 itself is 
of no immediate consequence since a complete set of the 
original data is stored on the N primary drives.) In this Way, 
reliability is improved for an incremental cost of UN. This 
is only 25% for a four drive system or 12.5% for an eight 
drive system. Controllers that implement this type of 
arrangement are knoWn as RAID level 3, the most common 
type of RAID controllers. Redundancy in knoWn RAID 
systems, hoWever, exacts penalties in performance and com 
plexity. These limitations are described folloWing a brief 
introduction of the common drive interfaces. 
The current hard disk market consists almost entirely of 

drives With one of tWo interfaces: IDE and SCSI. IDE is an 
acronym for “Integrated Drive Electronics”. The interface is 
actually an ATA or “AT Attachment” interface de?ned by the 
Common Access Method Committee for IBM AT or com 
patible computer attachments. IDE drives dominate the loW 
end of the market in terms of cost, capacity, and perfor 
mance. An IDE interface may be very simple, consisting of 
little more than bu?fering and decoding. The 16-bit interface 
supports transfer rates of up to 16 MBytes per second. 
SCSI is the Small Computer System Interface and is 

currently entering its third generation With SCSI-3. While 
the interface betWeen the SCSI bus and the host requires an 
LSI chip, the SCSI bus Will support up to seven “daisy 
chained” peripherals. It is a common interface for devices 
such as CD-ROM drives and backup tape drives as Well as 
hard disks. The eight-bit version of the SCSI-2 bus Will 
support transfer rates up to 10 MBytes per second While the 
sixteen-bit version Will support 20 MBytes per second. The 
available SCSI drives are someWhat larger than IDE, With 
larger buffers, and access times are slightly shorter. 
HoWever, the data rates at the read/Write head are essentially 
the same. Many manufacturers actually use the same media 
and heads for both lines of drives. ps Known Disk Arrays 

FIG. 1 illustrates a knoWn disk array coupled to a micro 
processor host bus 102. The host bus may be, for example, 
a 32-bit or 64-bit PCI bus. The host bus 102 is coupled 
through host interface circuitry 104 to a RAM buffer 
memory or cache 106 Which may be formed, for example, of 
DRAM. Accordingly, data transfers betWeen the host bus 
and the RAM buffer pass over bus 108. At the right side of 
the ?gure are a series of 5 disk drives, numbered 0-4. Each 
one of the disk drives is coupled to a corresponding 
controller, likeWise numbered 0-4, respectively. Each of the 
controllers in turn is coupled to a common drive data bus 
130 Which in turn is coupled to the buffer memory 106. In 
general, for a Write operation, data is ?rst 30 transferred 
from the host to the RAM buffer, and then, data is copied 
from the RAM buffer 106 into the disk drives 0-4. 
Conversely, for read operation, the data is read from the 
drives via data bus 130 and stored in the RAM buffer 106, 
and from there, it is transferred to the host. 
A DMA controller 140 provides 5 DMA channels-one 

for each drive. Thus, the DMA controller includes an address 
counter, for example 142, and a length counter, for example 
152, for each of the ?ve drives. The ?ve address counters are 
identi?ed by a common reference number 144 although each 
operates independently. Similarly, the ?ve length counters 
are identi?ed in the draWing by a common reference number 
154. The address and length counters provide addressing to 
the RAM bulfer. More speci?cally, each drive-controller 
pair requires an address each time it accesses the buffer. The 
address is provided by a corresponding one of the address 
counters. Each address counter is initialiZed to point to the 
location of the data stripe supported by the corresponding 
drive-controller pair. Following each transfer, the address 
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counter is advanced. A length counter register is also pro 
vided for each drive. The length counter is initialized to the 
transfer length, and decremented after each transfer. When 
the counter is exhausted, the transfer for the corresponding 
controller-drive pair is complete and its transfer process is 
halted. 

Thus it will be appreciated that in systems of the type 
illustrated in FIG. 1, the disk drives operate concurrently but 
not synchronously. Each of the drives includes internal 
electronicsl (not shown) that will signal the corresponding 
controller when a requested sector has been written or read, 
as the case may be. For example, drive 0 is coupled to the 
corresponding controller 170. When drive 0 signals the 
controller 170, the controller begins to transfer that block via 
the data bus 130 into the RAM buffer as using an address 
provided by the corresponding DMA controller channel as 
noted above. Each of the controllers will arbitrate for access 
to the data bus 130 which is a shared resource. While these 
transfers are concurrent, they are not synchronous. Because 
of these random accesses to the RAM buffer, it is impossible 
to take advantage of DRAM page mode operation which 
would otherwise offer higher bandwidth at lower memory 
cost. That is not to say that the data transfers are asynchro 
nous. The data bus arbitration and transfers may all be 
synchronous to some clock, but the data transfers will not 
start or ?nish at the same time. If the data has been striped, 
the requested disk access cannot be completed until all of the 
drives/controllers have completed their respective data 
transfers. 
1 The internal electronics on-board a disk drive are sometimes called the drive 
controller, but the term “disk drive controller” is used herein exclusively to 
refer to the apparatus that effects transfers between the disk drive electronics 
and the host (or memory buffer) as illustrated in FIG. 1. Drive electronics are 
not shown explicitly in the drawings as they are outside the scope of the 
invention. 

Most current RAID controllers use SCSI drives. Regard 
less of the striping scheme, data from N drives must be 
assembled in a buffer to create logical user records. While 
each SCSI controller has a small amount of FIFO memory 
to take up the timing differences, an N-channel DMA with 
N times the bandwidth of any one drive is required to 
assemble or disassemble data in the buffer. For optimal 
system performance, this buffer must be dual ported with 
double the total disk bandwidth in order to support concur 
rent controller to host transfers. Otherwise, disk transfers 
would have to be interrupted during host transfers, and the 
reverse, so that each would operate only half the time for a 
net transfer rate of only half of the peak rate. The host 
transfers require an additional DMA channel to provide the 
buffer address. For these reasons, known N-channel DMA 
controllers are relatively large, complex and expensive 
devices. 

The siZe and complexity of RAID controllers are aggra 
vated by redundancy requirements. During a write opera 
tion, the data written to the redundant drive must be com 
puted from the totality of the original data written to the 
other drives. The redundant data is computed during a 
second pass through the buffer (after writing the data to the 
primary or non-redundant drives), during which all of the 
data may be accessed in order. This second pass through the 
data essentially doubles the bandwidth requirements for the 
disk port of the RAM buffer. If surplus bandwidth is not 
available, the generation of redundant write data slows the 
write process considerably. This is rationaliZed as an appro 
priate solution in some applications since writes occur much 
less often than reads so that the impact on overall disk 
performance is much less than a factor of two, but there is 
a performance penalty in prior art to provide redundancy. 

Moreover, in the event of a read error or a single drive 
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6 
failure, a second pass through read data in the buffer is again 
required to reconstruct and restore the missing data. Once 
again, this is rationaliZed as acceptable for some applications 
since the failure rates are low. 
To brie?y summarize, data transfer between an array of 

drives each with its own SCSI controller and a buffer 
memory may be concurrent, but it is not synchronous. The 
disk controllers in the prior art will begin and end their 
respective transfers at different times. For each controller 
there must exist an independent DMA channel with it own 
address pointer into the buffer memory and its own length 
counter. And due to data striping, a given record requested 
by the host cannot be returned until the last drive has 
completed its access. Additionally, in the prior art, redun 
dancy requires either increased cost for higher bandwidth 
memory or reduced performance. 

SUMMARY OF THE INVENTION 

In view of the foregoing background, the need remains to 
improve disk array performance. It is an object of the present 
invention to provide improved disk array performance while 
reducing the cost and complexity of disk array controller 
apparatus. Another object of the invention is to reduce 
delays associated with handling redundant data in a RAID 
system. In the best case, there should be no performance 
penalty resulting from applying redundancy to improve disk 
array storage reliability. Important aspects of the invention 
include the following: 
1. SYNCHRONOUS DATA TRANSFER 
A ?rst aspect of the present invention includes methods 

and circuitry for effecting synchronous data transfer to and 
from an array of disk drives. The synchronous data transfer 
techniques are applicable to any array of disk drivesiIDE, 
SCSI, etciwith or without a redundant drive. One advan 
tage of the synchronous data transfer techniques described 
herein is the reduction of the required DMA complexity by 
a factor of N, where N is the total number of drives. The new 
disk array controller requires a DMA controller no more 
complex than that required for a single driveiie. only a 
single address counter and a single length counteri 
regardless of the number of drives in the array. 
2. WIDE MEMORY BUFFER EXAMPLE 

In one illustrative embodiment of the invention, it is 
applied to an array of N IDE drives. The data stripe is two 
bytes wide, the width of the IDE bus. The buffer memory 
width of the controller is 2><N bytes wide, the combined 
width of the IDE interfaces of the active drives. To execute 
a read operation, for example, a single, global read com 
mand comprising the starting sector number, the number of 
sectors to be read, and a “read sector” command type is 
“broadcast” to all of the drives at once. This information is 
written to a “command block” of registers in each IDE drive. 
Since data preferably is striped identically to all drives, the 
read command information is the same for all drives. This 
feature enhances performance by eliminating the time 
required to send commands to all of the drives sequentially. 
Writing to the command block of registers starts processing 
of the command in the drives. 

After all of the drives are ready, i.e. the requested data is 
ready in each drive buffer, that data is transferred from all of 
the drive data ports to the buffer memory using a single 
sequence of common strobes which are shared by all of the 
drives. This is possible since the buffer access timing for the 
IDE interface is determined by the host adapter or controller 
end of the interface. Since the record requested by an 
application cannot be delivered until the last drive has 
?nished reading its stripe, there is no performance penalty 
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for Waiting until all N drives have indicated that they have 
the requested data ready in their respective bulfers as long as 
the data can be transferred at the maximum rate attainable by 
all of the drives. Each global read strobe Will read tWo bytes 
from each drive and thus 2><N bytes from the N drives. This 
transfer corresponds to one “read cycle.” The resulting Word 
is stored in parallel (“broadside”) into the controller’s buffer 
memory. Following each buffer memory Write, a single 
bulfer address counter is incremented to point to the next 
2><N byte Word. Only a single-channel DMA is required. 
Continuing the above illustration, assuming 16 MByte trans 
fer rate IDE drives for example, a tWo-drive array Would 
transfer 32 MBytes per second into a 32-bit buffer, a 
four-drive array Will transfer 64 MBytes per second into a 
64-bit buffer, and an eight-drive array Will transfer 128 
MBytes per second into a 128-bit buffer. 
3. MULTIPLEXED DATA AND DOUBLE BUFFERING 

While a static ram memory buffer on the controller can 
easily handle the bandWidth described above, the buffer 
memory Width (i.e. the buffer memory data port Word siZe) 
required for four or more drives is expensive. In an alter 
native arrangement, the IDE data is multiplexed into a 
narroWer but faster RAM. Individual read strobes to the N 
drives are staggered by 1/N of the read cycle. Alternatively, 
the same result can be achieved by using the trailing edge of 
the global read strobe to latch the read data. During the next 
read cycle, the contents of the latches are multiplexed onto 
a common data bus and Written sequentially into the buffer 
memory. Since the buffer memory access remains 
sequential, only a single address counter is required. For the 
disk Write, a staggered series of Write strobes may be used 
to distribute the Write data into a series of latches, one latch 
for each drive. The Write data is then “broadside” hold the 
drive data stable through the Write strobe, While the ?rst set 
of latches are sequentially loaded again. 
4. RING STRUCTURE DRIVE DATA BUS 

Another embodiment of the invention is a disk array 
controller apparatus for accessing an array of disk drives, 
each disk drive having a corresponding data port, as before. 
In this arrangement, hoWever, a series of latches are 
arranged serially so as to form a ring structure. Each latch 
has a tri-state output port coupled to the input port of the next 
latch in the ring. An arbitrary one of the latch output ports 
also is coupled to the RAM bulfer data port for transferring 
data into the RAM. Data can be clocked around the ring With 
a single clock signal, similar to a shift register. Each of the 
ring latch output ports also is coupled to a corresponding 
bidirectional latching transceiver. Each of the latching 
transceivers, in turn, has a second port for connection to a 
corresponding one of the disk drive data ports. 

In a disk Write operation, data is ?rst moved into the ring 
from the RAM bulfer, by shifting the data around the ring 
until the ring is “loaded” With Write data. For example, four 
16-bit latches are loaded With a total 8-byte Word. Then the 
ring data is transferred in parallel (“broadside”) into the 
latching transceivers. The latching transceivers hold the data 
stable While it is copied into the drives in response to a Write 
strobe. While the ?rst 8-byte Word is Written to the drives 
(tWo bytes to each drive), the ring is loaded With the next 
8-byte Word of Write data. In a read operation, a common 
read command is broadcast to all of the drives. When all of 
the drives are ready, data is transferred into all of the latching 
transceivers from all of the drives in parallel. Next the data 
is transferred, again in parallel, from the latching transceiv 
ers into the ring of latches. Finally, the data is stored in the 
RAM bulfer by shifting it around the ring until the last byte 
pair is presented at the output of the ring latch coupled to the 
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RAM buffer port. While that ?rst 8-byte Word of read data 
is transferring into the RAM, the next Word of data is being 
transferred from the drives into the latching transceivers. 
These steps are repeated until the disk access requested by 
the host is completed. The ring structure has numerous 
advantages, including eliminating the need to synthesiZe 
staggered strobes, and providing disk array access opera 
tions using essentially only three control signalsia com 
mon disk strobe, a common transfer strobe, and a common 
ring clockiregardless of the number of disk drives in the 
array. 

Thus the present invention, as illustrated in several 
embodiments described below, includes in one aspect 
thereofa method ofwriting digital source data stored in a 
bu?der to a RAID array of N disk drives, where each disk 
drive has a like drive port including a data bus of prede 
termined width, the method comprising the steps of.‘' (a) 
sequentially reading the source data from a contiguous 
block ofmemory locations in the bu?der, therebyforming a 
serial stream of source data; (b) selecting a data element 
size equal to an integer multiple ofthe data bus width ofthe 
drive port; and (c) striping the source data read from the 
bu?der by the selected data element size across the drives. 
Where the drives are numbered 0 to N—], the striping step 
comprises writing an xth data element of the source data to 
drive number (x mod The r‘mod” operation result is the 
remainder ofthe division ofx by N (i.e., MN). For example, 
20 mod 3 results in 2 (20/3=6 with a remainder ofZ). 
5. REDUNDANT DATA OPERATIONS 
Given 2><N bytes of data in parallel, it is knoWn to 

compute a redundant “check Word”. One approach is to 
XOR (boolean exclusive-OR operation) the corresponding 
bit positions of all of the Words. Bit Zero of the check Word 
is computed by XORing the bit Zeroes of the Words from 
each of the N drives, bit one is computed by XORing the bit 
ones, and so on. In prior art, because the disk transfers are 
asynchronous relative to one another, computation of the 
redundant check Word had to Wait until all the data Was in 
the buffer memory. Each Word of the buffer has to be read 
back for the purpose of the calculation. This doubles the 
number of accesses and required RAM bulfer bandWidth for 
a given data rate. If less than double bandWidth is available, 
the data transfer rate will suffer. Another aspect of the 
present invention provides for computing the redundant 
check Word synchronously and “on the ?y” from the seri 
aliZed data stream. One example of an embodiment of this 
aspect of the invention is described as folloWs. When the 
Word (tWo bytes) to be Written to the ?rst drive is fetched 
from the buffer, it is loaded into an accumulator. As the tWo 
bytes for each additional drive is fetched, it is XORed With 
the current contents of the accumulator and the result is put 
back into the accumulator. When the Word for the last drive 
N has been fetched and XORed With the accumulator, the 
accumulator Will be holding the redundant data Word for the 
N+1 drive. The redundant Word is Written from the accu 
mulator to the redundant drive. The required redundant data 
thus is produced on the ?y Without any performance penalty. 

Another aspect of the invention includes methods and 
circuitry for reconstructing missing read data “on the ?y”. 
Missing data is reconstructed as the serial stream of read 
data moves from the drives into the buffer. Only complete, 
correct data is stored into the buffer according to the 
invention. No delay is incurred in the process. Hence a bad 
sector (corrupted or unreadable) or even an entire bad drive 
causes no special read delay. The failure is essentially 
transparent to the host machine. These features and advan 
tages are made possible in part by transferring data to and 
from the disk drives not only concurrently but also synchro 
nously. 


















