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Figure 2-7: KDM70 Overview
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2.4.1.2 HSC

The HSC family of controllers is the one example of a global storage controller that is shared
among VAXcluster nodes. It implements the SCA/CI architecture completely.

Before launching into a description of the HSC server internals a discussion of the naming
convention is in order. The following table describe the HSC components as named based
upon PMS notation derived by Bell and Newell in 1971 (see [ARCH71]):
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Table 2-2: HSC Naming Conventions

LetterMeaning Function

P Processor To execute programs from RAM
K Controller To execute programs from PROM
M Memory To store instructions and data

In the HSC server, the difference between P’s and K’s is that P’s execute programs from RAM
while K’s execute microcode from PROM. The convention uses a dot to delimit between the
major component and the specific type of that component. For example, K.ci refers to the
CI controller.

There are three types of K's:

1. K.di for connecting to the CI.
2. K.sdifor interfacing with disks.
3. K.sti for interfacing with tapes.

There are three major memories:
1. Control Memory

2. Data Memory |

3. Program Memory

Two buses provide the building blocks for the HSC server. The control bus allows access
to ““control memory’’ which is shared among all K’s and the P.io for communication and
synchronization. The data bus is a 13.3MBytes/sec bus that transfers read and write data in
and out of “data memory’’. Data memory buffers between the realtime SxI interface and
transfers across the CI. There is a third private bus between the P.io and its program memory.

The center of the P.io is a PDP11 processor chip. The other active elements in the HSC server
(called “‘requestors’’) are K.ci, K.sdi, and K.sti. The HSC hardware is pictured in Figure 2-8
only the K.ci controller.
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Figure 2-8: HSC Without Disk/Tape Requestors
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Each of the K’s use 2901 bit slices as pictured in Figure 2-9. The upper processor’s primary
role is accepting requests from the P.io software, while the lower processor’s purpose is
to move data memory across the data bus. The upper processor cannot interface with the
data bus, nor can the lower processor interface with the control bus. The upper and lower
processors communicate through the shared ‘“scratchpad’” memory that is onboard.

The K.ci is somewhat anomalous in that its primary mission is to interface with the CI. Its
lower processor moves data to and from data memory, but an additional buffer (PLI/PILA)
exists between the standard K design and the actual CI interface. K.ci’s upper processor
serves as the primary data memory allocator for the entire HSC software subsystem. It frees
buffers when an MSCP end packet is sent to the host without involving the P.io software.
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Figufe 2-9: HSC generic Krequestor
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2.4.2 DSA Devices

DSA devices can be divided into two categories according to the interconnect. The midrange
and low end systems devices connect via DSSI while the large system connect by either SDI
(for disk) or STI (for tape). DSSI devices use the ““RF’’ prefix. Disk devices that connect to
SDI use the ““RA’’ prefix. STI tape drives are named with the ‘“TA’" prefix.

The following tables describe the characteristics of current DSA devices.
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Table 2-3: DSA disk devices

Cylinder

Capacity Size )
Device (MBytes)  (KBytes) RPM track to track (ms)
RAB0 176 76 3600 7.5
RA70 281 181 4000 5.5
RA80 116 434 3600 7.5
RA81 435 357 3600 7.5
RA82 596 427 3600 5.5
RA90 1161 449 3600 4.0
RAG2 1436 475 3405 3.0
RF30 150 111 3600 4.0
RF71 400 296 3600 4.0
ESE20 120 1024 N/A 1.4
Table 2-4: DSA tape devices
Device max ips transfer rate
TA78 125 763KB/s
TA81 75 458KB/s
TASO 78 38000 2.4MBytes/sec

2.5 VAIL Concepts

Vail does not affect the SCA (CI) architecture, but it does redefine protocols. The two major
changes are elimination of SxI and extending CI to include the concept of ‘’base nodes’” and
“’subnodes’’. SxI is eliminated by introducing a “‘storage element’’ architecture that takes
advantage of current technology.

In addition, to the storage element architecture, a cabinet architecture is defined to facilitate
packaging issues. In essence one can view the cabinet architecture as defining the base node.

2.5.1 Storage Element Architecture

A storage element is similar internally to an HSC server in that there is a CI port, a processor
to handle MSCP interpretation, ‘’controllers’” to actually perform the data movements, and
a shared memory. The internal bus structure is entirely different from that of an HSC server,
and the devices reside inside the cabinet.
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Figure 2-10: Storage Element Overview
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The CI port for a Vail storage element is fed from the CID, but the port should be able to
connect directly to the CI. These custom chips are being designed for the CI port - PCI, SHIP
and TRAINS.

The MSCP interpreter processor complex is built upon a cVAX. The software is being evolved
from the KDM70 software. Although the device services software is predominantly new, the
executive is a port to the new environment with the Storage Element Buffer Bus (SEBB) and
new custom chips..
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Figure 2-11: Storage Element
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The K.si's in the HSC server are replaced by the MOCHA/LOLLIPOP chips, which move
data between buffer memory and the read/write subsystem. LOLLIPOP performs the ECC
function as data passes through the MOCHA. The MOCHA may actually interface to either
an HDA or a Cache Memory Module (CMM). The amount of memory on a CMM depends
on the actual Vail device.

2.6 Cache Implementations

The only cache product offering today is the data cache function within ULTRIX. VMS systems
today have four file system caches that expedite directory operations only. A full discussion
of caching appears in the Digital/IBM comparison section of this report.
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Over the last three years, a multilevel cache strategy has been evolving. Three levels can be
viewed as host, controller, and device. Earlier performance studies showed that the most
performance benefit seems to be from a combination host (software-based) writethrough
cache and a write-behind cache as close to the device as possible. Currently SDI requires
static dual-porting with failover. This requirement makes a reliable write-behind cache in a
controller difficult to develop because any disconnect between the controller and drive would
lead to potential lost/corrupted data. The problem is being addressed by reserving one of
" the surfaces on the disk for copying ‘‘dirty data’’ (essentially without rotational latency).
The techmque requires SDI to be extended so that the device logs ““dirty blocks’” until the
target write is completed (by the controller). In this way, the dirty blocks can be copied from
the reserved surface to the actual target block in the event of failover. This “‘fast write”
(probabalistically) incurs the overhead of a head switch time over that of a nonvolatile write-
behind cache.

The HSC cache will be a 32-MByte cache. It will be provided a second port to data memory
rather than using data bus cycles. Private memory is used by the P.io to control the index
structures for the cache. The cache will be a writethrough. ‘“‘Fast write’’ is being imple-
mented mdependently of cache; however, cache will be required for configurations where
data memory is insufficient (e.g., HSCs that also support tapes).

When a cache hit is detected by the P.io software, it builds a command list for the state
machine in a reserved portion of data memory (labeled state machine comm region). Refer
to arrow 1 on Figure 2-12. The state machine then moves the data from the cache memory
to data memory. The P.io polls for completion of the data move. It then sends the request
to move the data out the CI port onto K.ci.

Cache allocation involves similar steps, where the P.io builds a command list for the state
machine to move from data memory to cache memory. Other details depend upon whether
the allocation is due to a read, readahead, or write.
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Figure 2-12: HSC cache read hit
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VMS is in the process of implementing a host-based software cache that can be declared to
any size. The only performance concern with host cache is the potential lock manager traffic
requirements for synchronizing to prevent ““stale data’’. To date, the stale data problem has
not been quantified. There is a desire to do an “‘unreliable write-behind’’ cache within the
host. Such a cache would benefit temporary work files. The actual implementation would

involve an immediate completion to the application program, followed by discarding the
actual completion posting.

One big advantage of the Vail storage element architecture is the ease with which a write-
behind cache can be implemented. The design merely involves adding a Cache Memory
Module (via MOCHA) and the appropriate Cache Manager software in the policy processor.
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Figure 2-13: Vail Cache Flow
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The preferred method of caching is to first look into buffer memory then to search the CMM
for a cache read. Write data is first copied into buffer memory (Figure 2-13, arrow 1). For
cached writes data is copied from buffer memory into CMM memory (Figure 2-13, arrow 2).
CMM memory is nonvolatile and ECC protected. At that point an acknowledgment is sent
back to the host, thus effecting a ‘’write-behind’” cache. The data is retained in the buffer
memory until actually transferred onto media (arrow 3), at which time it becomes expendable.
Figure 2-13 demonstrates a 3-step method. Just as the HSC ““fast write’” will require cache
memory under certain configurations, it is possible for Vail storage elements to encounter
workloads where retaining data in buffer memory may be infeasible. In those cicumstances
a 4-step method becomes necessary. In the 4-step method the buffer memory is released as
soon as the acknowledgement is sent back to the host (after the data is resident in CMM
memory). Then when the target write is performed, the data is copied from CMM memory
back into buffer memory (step 3) before it is finally moved onto the media (step 4).
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CHAPTER 3
IBM VERSUS DIGITAL /O ARCHITECTURES

3.1 Introduction

The current Digital and IBM I/O architectures are built upon opposite premises. Digital has
built its DSA 1/O architecture as a special case of communications. IBM views communications
to be a special case of I/O. In practise, both have evolved to offload the host CPU of the I/O
function by use of microprocessing within the I/O subsystem.

The two companies have designed their respective I/O subsystems for different environments.
IBM has used an open-ended I/O architecture capable of supporting an indeterminantly pow-
erful system. Digital has designed an I/O subsystem to satisfy requests from multiple systems
of bounded I/O appetite. IBM’s environment has grown out of an architectural philosophy
which focuses on many servers that reduce, if not eliminate, queuing. Referring to Ap-
pendix C, IBM has evolved the I/O subsystem from the monolithic processor; Digital has
built its I/O subsystem for loose coupling.

Both IBM and Digital have numerous product offerings that implement the overall 1/O ar-
chitecture. This section compares IBM’s DLSE to Digital’s SCA/CI. These two architectural
implementations represent the top of the line for each. The KDM70 controller is quantified
because of its use with the VAX 9000.

In the quantifications that follow, every effort has been made to isolate the comparison based
upon architecture rather than details of implementation. To that end, device characteristics,
such as seek, rotational latency, transfer times, and queueing times have not been quanti-
fied. However, since systems are actually implementations of an architecture, the current
products of each vendor have been used as necessary to determine the delays inherent in the
architectures themselves. :

Performance is dictated by workload as well as by the system configuration. In point of fact
architectural evolution results in modifications to enhance performance by taking advantage
of certain characteristics of the workloads processed. The proliferation of caching imple-
mentations is an example. Likewise, there are certain architectural peculiarities that affect
the characteristics of the workloads themselves. The differences between IBM and Digital
workload characteristics are qualified - with a modest amount of quantification.

3.2 Phyéical I/O0 Functional Comparison

This section attempts to compare components of the two vendors on a functional scale.
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3.2.1 Dimensions

IBM’s DLSE subsystem is built upon the channel subsystems architecture. Each processor,
within each model series, has a limited number of channels which it can support. The 3090]
series is currently limited to a maximum of 128 channels. Each channel can of support up to
256 subchannels. These channels can be linked in groups of four to up to 64 controllers, each
with up to four device strings. Each string can have up to 32 devices or addressable storage
‘actuators’’ apiece. This equates to supporting up to 4096 storage addresses per channel of
which 256 can simultaneously be active through the subchannel virtual processors.

A DSA system (perhaps VAXcluster) built upon the CI can have up to 32 nodes. With a single
host there can be up to 31 HSCs. HSC90s will support up to 48 devices each. This allows for
1488 devices on a CI. A Vail configuration would allow for 31 base nodes (Arapaho cabinets)
with up to 64 Aspens or 48 Cedars, equaling 1984 or 1488 devices, respectively. A VAX9000
with up to 16 CIXCDs can have a very large storage subsystem—over 23,000 devices!

Comparing subsystem bandwidth, each IBM channel is capable of either 3MByte/sec or
4.5MByte/sec. Since the architecture allows for up to 256 channels, an aggregate of over
1 gigabyte/second is possible. A single CI can of supporting 12MByte/sec with both paths.
Each host is further restricted by the bandwidth of its single CI adapter. Current adapters are
capable of between 1.5MByte/sec and 2.5MBbyte/sec and are constrained to using one path
at a time. On the other hand a VAX9000 with 16 CIXCD ports (each capable of 6MByte/sec)
can consume 96MBytes per second. Notice that the number of CI ports per host is not an
architecture limitation, but a system design limitation.

Digital does not queue requests in the host; IBM does once the virtual subchannel is busy.
Looking at the controller level, an HSC70 server can process 1150 requests/second. This
is realistically bound to approximately 400. Scaling for an HSC90 produces almost 1400
request/second potential and 480 realizable. An IBM 3990 can process 300 requests/second.
This leads to a Digital subsystem capable of 14,880 requests/seconds and an IBM subsystem
capable of 19,200 requests/second—ignoring caching or solid-state devices.

3.2.2 Analysis

Figure 3-1 demonstrates the physical similarities between IBM’s DLSE architecture and Digi-
tal’s DSA implementation with HSC servers. The dotted box around the A-boxes and the first
disk indicates that an A-box contains a device. The dotted box around HSC central and the
K.sdi’s depicts the physical boundary of an HSC controller. The dotted lines to the bottom
set of disks indicates (statically) unused paths to the devices through an alternate HSC.
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Figure 3-1: DLSE vs. HSC
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The first complication to be addressed is between IBM’s channel subsystem and Digital’s CI.
From a physical perspective, the CI adapter and an IBM channel can be viewed as roughly
equivalent. However, IBM has an advantage since they support multiple channels as opposed
to a single CI path. The dotted box around channel, controller, A-box, and devices demon-
strates the single-threaded view that this would impose. The analogy fails immediately upon
recognizing that the CI allows for multiple controllers. A more meaningful comparison is to
consider the host CI port and the CI itself to be equivalent to the IBM channel subsystem.
The only flaw in this analogy is that currently multiple CI adapters and multiple CI media are
not supported.
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Comparing an IBM controller with ““HSC central’’ is more direct. Figure 3-2 shows the
- internal paths through a DLSE controller. Any storage path can be utilized by any connected
string at a given instant in time. The supported parallelism is four transfers.

Figure 3-2: DLSE Controller
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Figure 3-3 shows a very abstract picture of data flow control through the HSC controller. The
CI port is guaranteed approximately 6MByte/sec of the databus bandwidth by the internal
design. The remaining bandwidth is apportioned among the K.sdi’s by logical allocation. In
general three parallel disk transfers are supported (up to 5 for slower devices). Unlike IBM
which must have a separate tape controller, a single HSC controller can support both tapes

and disks. .
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- Figure 3-3: Logical internal HSC flow
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A set of four DSA devices connected to a K.sdi and an IBM string comprised of A and B
boxes are essentially identical. Even though they are connected differently, the A-box and
K.sdi are single filters through which four devices transfer data. An IBM device can have a
transfer rate up to 4.5MByte/sec while SDI constrains a device to roughly 2.2MByte/sec (once

protocol overhead is subtracted).
The Vail architectural changes are demonstrated in Figure 3-4. Replacing SDI with SEBB

allows for a transfer rate of up to 50MByte/sec but is realistically constrained to approximately
30MByte/sec. The constraining factor to throughput ends up bemg the CI at approximately

12MByte/sec with both paths.
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Figure 3-4: DLSE vs. Vail
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3.3 Anatomy of an I/O

For the purposes of the following discussion, an I/O channel is an abstract path between
a host system and a device. From a system perspective, a channel is a resource. As CPU
speeds have increased the management of channel resources has become more critical to
performance.

A read or write operation to a disk can be broken down into the following phases:
* Host initiation

* Seek

* Rotational positioning

¢ Data transfer
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® Post Processing

A static channel must be dedicated for a particular I/O operation from host initiation until
the postprocessing. This is in essence an IBM selector channel. Multiplexer channels allow
the channel to be allocated only during initiation, RPS reconnect and data transfer, and
postprocessing; however, the same channel is required for all phases. Allowing each phase
of the I/O to utilize any channel defines the concept of ‘‘floating channels’’. IBM’s DLSE
essentially implements floating channels from the channel subsystem out to the device. The
advantage of floating channels is the reduction in path contention since any phase of an I/O
can complete as long as any channel is available.

Digital’s CI can be viewed as a pair of floating channels, since packets for a given I/O can
be sent across either path. From the perspective of a device back to the host, the SDI only
allows “‘static dual porting’” where only one path to the device is possible at a time. Vail will
have no second port at the SEBB, but dual porting may be supported by a second CI adapter.

With a head-on comparison, Digital’s CI out performs a single IBM channel. It takes three
IBM channels to match the throughput potential. In DLSE implementations, 4 channels are
connected to the individual storage devices. A VAX9000 with 16 CI ports has an I/O subsystem
roughly equivalent to an IBM system with 48 channels.

3.3.1 Host Initiation

In the IBM/360 the SIO (START I/O) instruction was expensive. It required an initial interrupt
as well as channel allocation. SIOF eliminated the initial interrupt, but there was still the
potential for a subsequent interrupt upon channel allocation failure. By extensive use of
microprocessing, the current IBM channel subsystem has eliminated SIOF failure interrupts
with the new START SUBCHANNEL (SSCH) command.

The VAX queueing instructions are used to queue requests into ““physical’”’ adapter mem-
ory. The overhead involved in these queueing operations is on the same scale as the SSCH
command. ‘

The real difference between IBM and Digital host initiation is logical software. Although IBM
does not have a larger point-to-point channel scheme, the microprocessing in the channel
subsystem has offloaded the host operating system from having to dynamically select paths.
The physical path selections are handled inside the channel subsystem. The question then
becomes one of weighing the relative expense between building an IBM channel program
versus the expense of building an MSCP packet and passing it through the port driver. This
basic service time favours IBM; however, queuing time is another consideration.

With the Digital architecture, request queuing takes place at the adapter rather than inside
the VAX. The constraint today is the bandwidth of the adapters. The IBM architecture causes
request queueing to occur in the host whenever a subchannel is unavailable. With today’s
channel subsystem, this does not occur unless all possible paths to a device are already
busy. Theoretically IBM’s architecture is more finite because the subchannels are restricted
by configuration. Queueing at a Digital adapter is tied more to adapter bandwidth than
to a request depth. The increased bandwidth of the CIXCD should significantly reduce the
queueing at the host adapter, but one can expect the bottleneck to move to either the CI wire
itself or into the controllers (either for their CI ports or availability of buffer memory).
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3.3.2 Seek

Seek times are overlapped for both architectures. Seek profile comparisons of various work-
loads between the two vendors are of interest at the device level rather than as an architectural
concern.

3.3.3 Rotational Positioning and Data Transfer

As with seek, rotational latency is of interest at the device level; however, the delay induced
by a lost revolution is an architectural concern. RPS miss is the loss of a device revolution
when a path to memory is not available.

3.3.3.1 Non-realtime Transfer

The realtime path for IBM is closer to the host than Digital’s. Once the data is copied into
some buffer memory, RPS miss is replaced with communications latency and other queueing
delays. RPS miss in the Digital architecture is not as comprehensive as RPS miss in the IBM
architecture. The Digital I/O subsystem has more queueing delay points since the buffering
is further from the host. It can be argued that IBM RPS miss is equivalent to HSC RPS miss
plus the queueing delays at K.ci, the CI path, and the host adapter. Vail would have the same
delays; however, the CI path will become a bottleneck to the overall workload (with multiple
storage elements) before the Vail CI adapter will.

The IBM channel subsystem has the communications delay associated with each link in the
chain, plus the channel subsystem overhead and the storage director overhead. However,
other than cache implementations (covered later) there is no buffering of data anywhere in
the channel.

Digital’s communications overhead is more complex than IBM’s. The HSC server overhead
includes the cost of the MSCP to SDI interpretation, SDI overhead, and the transfer from
data memory to the CI. Queueing delays to the SDI interface and delays at the CI adapters
at both the host and HSC server should be added with RPS miss for a valid comparison with
IBM RPS miss. Vail eliminates the MSCP to SDI translation; however, the potential latency
between data memory and the CI port still exists. Although each Vail CI port is expected to
be capable of 6 to 12 MByte/sec, the CI path becomes a potential bottleneck with multiple
storage element configurations. '

3.3.3.2 RPS Miss Quantification

In the past, RPS miss was a very significant contributor to queueing time in the IBM I/O
subsystem. Each of the steps to multiplexer channels, to DLS, and to DLSE have been
primarily to reduce RPS miss. Appendix A displays the RPS miss quantifications for equivalent
32-actuator DLSE, HSC, KDMY70, and Vail configurations. Uniform loading across actuators
is assumed. RPS miss for HSC is predominantly attributable to multiple drives sharing a single
K.sdi. KDM70 will only incur RPS miss when devices outnumber the two state machines.

The delay associated with RPS miss is determined by first finding the probability of an RPS
miss. Then the probability is used to calculate the expected number of misses (as a fraction)
per successful I/O. The RPS miss overhead is the product of expected misses and the time for
one rotation of the device.
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3.3.3.2.1 IBM model

A DLSE four-channel set behaves like an M/M/4} [KLEI]. An Erlang-K distribution is used to
calculate the probability of all paths being busy when a reconnect is attempted.

Example 3-1: DLSE Four 3380 Strings

Given:
1. 23.5 I0s/second optimal for a 3380K AT 35msec Resp
time
2. 4096 blocksize
3. 3.0MB/s channel speed
4. 32 3380K actuators behind a 3990-M2 storage controller
5. Utilization of a single path using M/M/4:
Path Busy per SIO - (Path Util by Device / 4)
SingleUtil(SU) = - -
(1 - (Path Util by Device / 4)
6. Probability that a device reconnecting will find all
four storage directors busy due to other devices
by Erlang-4:

32 * SU~4
P(4BUSY) = =mm—m e e e
(3 + (9 * SU) + (12 * SU~2) + (8 * SU~3)
7. RPS miss due to paths busy:
16.6msec * P(4Busy)
RPS = - -
1 - P(4Busy)

implies:
1. 781 I0s per second; 195.25 per path
2. Each path is 58.6% busy
3. Each device contributes 7.3% to path busy
4. Path service time is 3.0msec including channel to HOS
therefore,
P(4Busy)
RPS miss

Probability of four directors busy = 25.9%
.0166 * .259 / 1 - .259 = 5.8 msec

3.3.3.2.2 Digital models

Each Digital product exhibits different RPS miss behaviour because buffering is done within
the ““controller’’, and each controller has a different topology.

3.3.3.2.2.1 HSC

Quantifying RPS miss for Digital HSC-based systems requires two separate analysis points.
1. Ksdi |

2. the data bus

RPS miss is only relevant between data memory and the device. The Example 3-2 calculates
the delays for a fully loaded HSC controller with RA90s. The assumption that all devices are
evenly loaded (to 44ms response) is done to provide a worst-case analysis. As demonstrated
the data bus is a non-issue, contributing less than 2 microseconds to aggregate delay. The
contention for K.sdi ports is significant, accounting for almost 5 milliseconds of delay.

1 Kendall’s notation
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Example 3-2: HSC RPS miss

Fully Configured K.sdi

Given:
1. 38 requests/second max for RA90 for typical workload
2. 8 sectors/request for typical workload
3. 2.1MB/s SDI max throughput
4. 4 RA90s on a K.sdi
5. RPS miss due to path delay
sum(other device utilization)
P(RPS miss) = - ————————————
1 - utilization by this device

implies:

1. 304 sectors/second per RA90
2. 4300 sectors/second per K.sdi
3. each RA90 uses 7% of SDI

therefore,
P(RPS miss) = .21/.93 = 22.6%
#misses/I0 = .226/.784 = .288

aggregate delay:
.288 * 16.666... = 4.80 msec

NOTE: 8-port

P(RPS miss) = .49/.93 = 53%

#misses/I0 .53/.47 = 1.13

===> K,sdi will not support 38 req/sec/device

Data Bus Contention

Given:

1. 38 requests/second max for RA90 for typical workload
2. 8 sectors/request for typical workload

3. 4 RA90s on a K.sdi

4. 8 K.sdi’s each with 4 RA90s

5. 3 concurrent transfers supported by data bus

6. P(RPS miss) = P(4 concurrent transfers)

implies:

1. 1216 sectors/second per K.sdi

2. 13516 sectors/second on data bus (6.6MB/s)
3. each K.sdi uses 9% of data bus

therefore,
P(RPS miss) = SUM[(.09)7~i] for i in [4,8] = .007%
#misses/I0 = .007/.993 = .00007

aggregate delay:
.00007 * 16.666... = 1.1 usec

NOTE: 8-port K.sdi:
each K.sdi (can) use 18% of data bus
P(RPS miss) < (.18)%4+..+(.18)78 = .1%
#misses/I0 < .001
==> delay < 17.5usec

Total RPS delay

RPS delay = K.sdi contention + databus contention
= 4,8ms + l.1lus = 4.8ms

The following examples analyze an RA70 and an RA92. These examples demonstrate the
effect of device rotational speed upon the actual impact of RPS miss. Notice that the expected
number of misses is dependent upon workload rather than device.
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Example 3-3: HSC RPS with RA70

Fully Configured K.sdi

Given:
1. 38 requests/second max for RA70 for typical workload
2. 8 sectors/request for typical workload
3. 2.1MB/s SDI max throughput
4. 4 RA70s on a K.sdi
5. RPS miss due to path delay
sum(other device utilization)
P(RPS miss) = ~=-- —_— -
1 - utilization by this device

implies:

1. 304 sectors/second per RA70
2. 4300 sectors/second per K.sdi
3. each RA70 uses 7% of SDI

therefore,
P(RPS miss) = .21/.93 = 22.6%
#misses/I0 = .226/.784 = .288

aggregate delay:
.288 * 15.0 = 4.32 msec

Example 3-4: HSC RPS with RAS2

Fully Configured K.sdi

Given:
1. 38 requests/second max for RA92 for typical workload
2. 8 sectors/request for typical workload
3. 2.1MB/s SDI max throughput
4. 4 RA92s on a K.sdi
5. RPS miss due to path delay
sum(other device utilization)
P(RPS miss) = —-- - - ———
1 - utilization by this device

implies: .
1. 304 sectors/second per RA92
2. 4300 sectors/second per K.sdi
3. each RA92 uses 7% of SDI

therefore,
P(RPS miss) = .21/.93 = 22.6%
#misses/I0 = .226/.784 = .288

aggregate delay:
.288 * 17.62... = 5.07 msec

K.sdi saturation can be analyzed by using the single server model in the Appendix A for RPS

miss by setting the expected number of misses per I/O to 1. It is interesting to observe the
effect of increasing from 4 ports to 8 ports on a K.sdi.
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given: u = K.sdi utilization per device
X = probability of a miss

m = expected # misses per successful I/0
m=x/(1-x) =1
=> x.= 1-x ==>x = .5
for 4-port K.sdi
==> 3u/(1l-u) = .5
> 3.5u = .5

=> u = 14.3% (307.5KB/s per device or 1230KB/s)

for 8-port K.sdi

==> 7u/(1-u) = .5

==> 7.5u = .5

==> u = 6.66% (143KB/s per device or 1144KB/s)
NOTE: saturates under 36 req/s with 4KB requests

To keep things in perspective, an HSC70 controller supporting 32 RA90s at 38 requests/second
would contribute approximately 4.8 milliseconds of RPS queueing delay at 1216 requests/second,
or 4.75MByte/sec. The HSC70 controller can currently only process 1150 request/second and
4.2MByte/sec. The P.io limits the request handling and K.ci limits the data rate. 48 RA90s
on an HSC90 at 38 requests/second per drive would be 1824 requests/second and over 7
MBytes/sec overall. An HSC90 P.io is projected to decompose about 1400 requests/second
while the new K.ci should support under 5 MBytes—the bottlenecks remain the same..

3.3.3.2.2.2 KDM70

The internal bus does not contribute to RPS miss because its speed is greater than twice
the speed of SDI, and there are only two state machines to perform transfers. The KDM70
behaves like an M/M/2f queueing system [KLEI]. The probability of both state machines
being busy when a device is ready to reconnect follows an Erlang-K distribution, where K
equals 2. It analogous to IBM’s DLS subsystems. To support 32 devices, 4 KDM70s are
necessary. In Example 3-5 the XMI has been ignored because each KDM70 can produce at
most 5.4MBytes/sec. Therefore, 4 KDM70s can support 21.6MBytes/sec on a 66MByte/sec
XMI bus.

i Kendall’s notation
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Example 3-5: KDM70 RPS

given:

1. 30 requests/second per RAS0

2. 8 sectors/second

3. 2.1MByte/s SDI max rate

4. 8 RAS0s

5. 2 state machines

6. 16MByte/sec internal bus
implies: :

1. 240 sectors/second per RA90

2. 4300 sectors/second per state machine
3. each I/0 uses .186% of a state machine
4. each RA90 uses 5.58% of a state machine
5. each state machine is 22.3% utilized

6. Residual SM Busy is 22.3% - 2.76% ~= 19.5%

therefore,
Residual utilization of a single state machine per device
Residual SM Busy - (SM Util by Device / 2)

SingleUtil(SU) = ——m-—m —_— —— _
(1 - (SM Util by Device / 2)

= (.195-.028)/.972 = .172

Probability that a device reconnecting will find all
both state machines busy due to other devices
by Erlang-2:

P(2BUSY) = =—m—mmm—m = 2%(.172)~2/1.172 = .050

aggregate delay:
16.6msec * P(2Busy)
_____ = 16.6*.050/.950 = .877msec
1 - P(2Busy)

3.3.3.2.2.3 Vail

Because of the bandwidth of the SEBB, the initial Vail offerings will significantly reduce RPS
miss. With the SEBB being 50MByte/sec and the CI being around 12MByte/sec, there is ap-
proximately a 25MByte/sec pad for RPS prevention over the CI bottleneck point. At one re-
quest per revolution, four Cedars will provide a load (8KB per request) of 1920 sectors/second,
or 3% of the SEBB. Because the MOCHA chips actually have 2 sectors worth of buffering the
single path model has to modified slightly. The SEBB is a synchronous bus that provides for
bursts of up to 8 bytes. The overhead of 3 or 4 cycles per burst (depending upon write or read
to/from buffer memory) diminishes the usable bandwidth of the SEBB to about 30MByte/sec;
“ however, the MOCHA buffering implies that 32 consecutive arbitration rejections must occur
before the pipeline can fill and an actual RPS can occur. Assuming independent arbitration
attempts leads to taking .03 to a power of 32, leading to a negligible probability.
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Example 3-6: SEBB Contention

SEBB Contention

Given:
1. 38 requests/second per CEDAR/ASPEN
2. 8 sectors/request for typical workload
3. 30MB/s SEBB max throughput
4. 4 CEDAR/ASPEN on SEBB
5. P(RPS miss) on SEBB with MOCHA buffering
sum(other device utilization)
P(arbitration reject) = --- -— -
1 - utilization by this device

P(RPS miss) = P(arbitration reject)**32

implies:
1. 304 sectors/second per CEDAR/ASPEN
2. 61440 sectors/second on SEBB
3. each CEDAR/ASPEN uses .49% of SEBB

therefore,
P(RPS miss) (.010/.995)**32 = (.010)**32 ~= 0 for CEDAR
(.015/.995)**32 (.016)**32 ~= 0 for ASPEN

0/.995 = 0 for both CEDAR/ASPEN

i wo
1]

#misses/I0

aggregate delay
0 * 16.666...
0 * 11.111...

0. usec for CEDAR
0. usec for ASPEN

e

3.3.3.3 Cumulative Delays

A comparison of RPS miss is inadequate to compare the throughput potential between IBM
DLSE and the Digital I/O subsystems. Digital subsystems have additional queueing delays.
The cumulative delays for all subsystems are plotted in Appendix B.

3.3.3.3.1 HSC

The RPS miss asymptote for an HSC controller is around 4000 requests per second. An
HSC70 P.io cannot process more than 1150 requests per second, nor can the K.ci transfer
more than 4.2 Megabytes per second. For the sake of s1mp11c1ty the delays for both are
modelled as M/M/1 queueing systems in Example 3-7.

M/M/1 queueing model queueing time formula:

W =2/ (u(e—2)
where

W ¢ = queueing time
A = arrival rate

u = service rate
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Example 3-7: HSC Cumulative Delay

K.SDI miss

Given:

1. 30 requésts/second max for RA90 for typical workload
2. 8 sectors/request for typical workload

3. 2.1MB/s SDI max throughput

4. 4 RA90s on a K.sdi

5. P(RPS miss) sum(other device utilization)

1 - utilization by this device

implies:
1. 240 sectors/second per RAS0
2. 4300 sectors/second per K.sdi
3. each RA90 uses 5.6% of SDI

therefore,
P(RPS miss) = .168/.944 = 17.8%
#misses/I0 = .178/.822 = .216

aggregate delay:
.216 * 16.666... = 3.60 msec

DATABUS miss:
Given:
1. 30 requests/second max for RA90 for typical workload
2. 8 sectors/request for typical workload
3. 4 RA90s on a K.sdi
4. 8 K.sdi’s each with 4 RA90s
5. 3 concurrent transfers supported by data bus
6. P(RPS miss) = P(4 concurrent transfers)

implies:
1. 960 sectors/second per K.sdi
2. 13516 sectors/second on data bus (6.6MB/s)
3. each K.sdi uses 7.1% of data bus

therefore,
P(RPS miss) = SUM[(.071)~i] for i in [4,8] = .0025%
$misses/I0 = .000025/.999975 = .000025

aggregate delay:
.000025 * 16.666... = .42 usec

TOTAL miss:

3.6msec

P.io Queueing Delay

1. X = 960 reg/sec

2. p = 1150 req/sec

W = A7 (p(p- 1) = 960/(1150(1150-960)) = .0044sec
K.ci Queueing Delay

1. X = 7680 sectors/sec

2. u = 8602 sectors/sec

Wy = X1 (p(p-2) = 7680/(8602(8602-7680)) = .00097sec
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Total Delay = RPS miss + P.io queueing + K.ci gqueueing
= 3.6 + 4.4 +.97 = 8.97 msec delay

Consider that an HSC90 P.io will handle about 1400 requests/second and the K.ci will support
about 5 MBytes/second, the P.io queueing becomes 1.56msec; and K.ci queueing reduces
to 293usec. Since the RPS miss remains the same (for the given configuration), the total
cumulative delay would reduce to 4.85msec.

3.3.3.3.2 KDM70

Both the XMI interconnect and the internal KDM70 bus are fast enough that no queueing
delays can occur for either bus. However, queueing delays do occur at the processor. A
M/M/1t is used for simplicity. Again, there is no additional delay at the XMI bus with 4
KDM70s.

Example 3-8: KDM70 Cumulative Delay

given:

1. 30 requests/second per RA90
2. 8 sectors/second

3. 2.1MByte/s SDI max rate

4. 8 RA90s

5. 2 state machines

6. 16MByte/sec internal bus

implies:
1. 240 sectors/second per RA90
2. 4300 sectors/second per state machine
3. each I/0 uses .186% of a state machine
4. each RA90 uses 5.58% of a state machine
5. each state machine is 22.3% utilized
6. Residual SM Busy is 22.3% - 2.76% ~= 19.5%

therefore,
Residual utilization of a single state machine per device

Residual SM Busy - (SM Util by Device / 2)

SingleUtil (SU) =

(1 - (SM Util by Device / 2)
= (.195-.028)/.972 = .172
Probability that a device reconnecting will find all

both state machines busy due to other devices
by Erlang-2:

P(2Busy) = ————————- = 2%(.172)72/1.172 = .050
aggregate delay:

16.6msec * P(2Busy)
= 16.6*,050/.950 = .877msec

1 - P(2Busy)

P.mscp Queueing Delay

240 req/sec
700 req/sec

1. )
2. u

Example 3-8 Cont’d on next page

t Kendall’s notation

3-16 digital CONFIDENTIAL




Comparison of IBM and Digital Storage Architectures - 29~-March-1990

Example 3-8 (Cont.): KDM70 Cumulative Delay
W = A/ (p(p-2) = 240/(700(700-240)) = .75msec

Total Delay = RPS miss + P.mscp queueing
= .877 + .75 = 1.63 msec delay

A KDMZ70 solution significantly reduces cumulative delay over an HSC solution. The XMI
bus is much faster than the CI interconnect. RPS miss is reduced by the “’floating channels”’

of having state machines. Four KDM70s have less queueing delay at the processor than a
single HSC P.io.

3.3.3.3.3 Vail

Example 3-9 shows the delays associated with 8 storage elements with 4 Cedar HDAs each.
The CI delay can either be in the adapter or in the CI paths. For Example 3-9 the load is light
enough that the queueing occurs in the adapter. Workloads with a high enough data rate will
experience queueing in the CI paths.

Example 3-9: Vail Cumulative Delay

SEBB Contention

Given: :
1. 38 requests/second per CEDAR/ASPEN
2. 8 sectors/request for typical workload
3. 30MB/s SEBB max throughput
4. 4 CEDAR/ASPEN on SEBB
5. P(RPS miss) on SEBB with MOCHA buffering
sum(other device utilization)
P(arbitration reject) = - -
1 - utilization by this device

P(RPS miss) = P(arbitration reject)**32

implies:

1. 304 sectors/second per CEDAR/ASPEN
2. 61440 sectors/second on SEBB

3. each CEDAR/ASPEN uses .49% of SEBB

therefore,
P(RPS miss) = (.010/.995)**32 = (.010)**32 ~= 0 for CEDAR
= (.015/.995)**32 = (.016)**32 ~= 0 for ASPEN
#misses/I0 = 0/.995 = 0 for both CEDAR/ASPEN

aggregate delay:
0 * 16.666...
0 * 11.111...

0. usec for CEDAR
0. usec for ASPEN

o

CI Adapter Delay

1. X = 1216 sectors/sec
2. p = 24576 sectors/sec (12MB/sec)

]

=

¢ = A1 (p(pe ) = 1216/(24576(24576-1216) = 2.lusec

Example 3-9 Cont’d on next page
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Example 3-9 (Cont.): Vail Cumulative Delay

CI Path Delay

1. XA = 1216 sectors/sec
2. u = 2448 sectors/sec (1.5MB/sec)
Wy =X/ (p(p ) = 1216/(2448(2448-1216) = 403usec

P.mscp Queueing Delay

1. X = 152 reg/sec
2. p = 700 reqg/sec

=

A (ul g A) = 152/(700(700-152)) = .40msec

Total Delay = RPS miss + CI adapter queueing + P.mscp queueing

q

0. + .0021 + .4 .402 msec delay for CEDAR
0. + .0021 + .4 .402 msec delay for ASPEN

Overall, Vail appears to reduce RPS miss by the speed of the SEBB. It also improves MSCP
interpretation queueing times by increasing the number of processors for a given number of
HDA over the HSC server. Although the Vail CI adapter is to be capable of approximately
12MByte/sec, the number of storage elements on the CI becomes a divisor of the overall CI
bandwidth. This means that a configuration with eight storage elements will reduce the usable
bandwidth for a single storage element to approximately 1.5MByte/sec, assuming balanced
loading. The CI now becomes the potential bottleneck. Multiple CIs allows configuration
flexibility to alleviate this bottleneck by spreading storage elements across base nodes. There
are packaging issues to consider..

3.3.4 Post Processing

One of the weaknesses in the IBM I/O architecture has been the processing of simultaneous
interrupts from multiple devices. The IBM/370 architecture only defines a single cell for an I/O
termination interrupt. Interrupts are serialized until appropriate addressabillity is established
in the interrupt handler to save current context. This can require multiple intermediate context
saves before a subsequent interrupt can occur. '

The multiple stacks of the VAX architecture greatly simplify the handling of simultaneous
interrupts. The use of IPLs for serializing segments of interrupt processing facilitates interrupt
handling (via forking) and reduces overhead. IPLs use firmware to effect system “‘processes’’
as opposed to using software simulation like IBM must.

Although the VAX provides an advantage in the handling of simultaneous interrupts, VMS
SMP has a disadvantage in post processing as opposed to MVS. MVS uses “‘prefixing”’
to allow post processing to occur on any processor. The only limitations are the actual
physical connections imposed by the configuration. In VMS SMP post processing is forced
to processor affinity to a ‘“control processor’’—based upon the adapter port. The ““control
processor’’ can become a bottleneck to an 1/O intensive workload.
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3.4 Characteristic Workldad Differences

Configuration and workload essentially dictate the performance of a computer system. Sys-
tem architecture not only defines potential configurations, but it also leads to certain char-
acteristics of the workloads that systems built upon the architecture will process. More pre-
cisely, the initial implementations of an architecture dictate characteristics such as request
sizes. Smaller request sizes presented to the I/O subsystem implies an increase in access time
delay (latency) for an equivalent amount of data. There are three components of current IBM
systems that generally reduce request rate to provide the data needed to satisfy a CPU’s ““1/0
appetite’”:

1. Disk Data Format

2. Caching

3. Expanded Storage

In referring to the graphs in the appendices, it is important to remember that IBM workloads
will typically present significantly fewer I/O requests per second to the 1/O subsystem than a
Digital workload will present to the Digital subsystem. The result is that IBM can satisfy the
I/O appetite of a faster CPU with less inherent delay.

3.4.1 Request Rate versus Data Rate

Data rate is the amount of data that is made available to the CPU (via the 1/O subsystem)
for processing. Amdahl’s law states that the required data rate is (roughly) proportional the
power of the CPU. There is no equivalent law that ties CPU power to request rate. CPU
utility implies processing of raw data, not I/O requests. Providing a given amount of data via
more (smaller) I/O requests has the following effects:

* Increase in aggregate access time delays to random storage devices

® Increase in context switching in CPU

Increasing aggregate access time delays leads to poorer single threaded performance. It also
diminishes path utilization. Although diminished path utilization decreases path delays, the
. aggregate access time delays are more significant - until path saturation is reached. Access
time delays are typically on the order of 20ms (12ms seek and 8ms rotational latency). As

can be seen from Appendix B, path delays are less than half of this figure until near path
saturation.

A workload with more, smaller I/O requests inherently cause more context switching because
more I/O termination interrupts occur. There are actually three reductions in CPU utility
caused by increased overhead for 1/O processing:

1. I/O initiation service call handling
2. Context switching overhead
3. 1/O posting overhead
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3.4.1.1 Bandwidth

Transmission of smaller amounts of data can decrease the usable bandwidth of a path. The
IBM channel is less prone to this effect than Digital’s CI because the IBM channel interface
is point-to-point. Digital’s CI can experience a significant reduction in bandwidth due to the
increase in arbitration time slots to transmit an equivalent amount of data. For example,
a 3Kbyte transfer between a host with a CI780 and an HSC with a 512byte K.ci requires 6
data packets to be transferred. The same transfer between a VAX9000 with an XCD and an
HSC with a 4Kbyte K.ci can be done with one data packet. The former requires 5 additional
““handshake’” packets as well as arbitration for 5 additional data packets. Therefore, the
decrease in usable bandwidth by smaller transfers is 10 arbitration times and the transmission
time for 5 ‘’handshake’” packets.

3.4.2 Disk Data Format

The count-key-data format of IBM devices has historically forced users to be aware of the
effects of block sizes upon performance as well as capacity utilization. With the current 3380
devices, typical block sizes are on the order of 22Kbytes. 3390 will increase this to more
like 25Kbytes per block. Ignoring arguments about user-friendliness, the consequence of this
awareness is that sequential access streams for an IBM workload will be on the order of
22Kbytes per request. This does not mean that the average MVS installation uses 22-25Kbyte
blocksizes, both database and VSAM organizations are optimally blocked at 4Kbytes. Digital
workloads have been measured to typically have request sizes averaging between 4Kbytes
and 8Kbytes. This means that Digital workloads may exhibit nearly three times the request
rate of an IBM workload in order to provide the same amount of data to the CPU.

3.4.3 Caching

Caching further reduces the request rate seen by the I/O subsystem. In general, any cache
hit eliminates a physical I/O request. However, pre-fetching data in larger chunks than origi-
nally requested can also reduce request rates to the external subsystem for sequential access
streams.

3.4.4 Expanded Storage

IBM’s expanded storage introduces a whole new level in their storage hierarchy, between
main memory and controller caches. Main memory is accessed synchronously (at a hardware
level) by the CPU. Controller cache memory is accessed asynchronously by the I/O (software)
subsystem. Expanded storage is accessed synchronously by the software subsystem. That is,
filling main memory from expanded storage occurs in less time than a context switch, so the
operating system does not remove the currently executing process while the data movement
transpires. The results are improved single-threaded performance and a reduction in context
switches.

Digital can use VAX main memory to compete with expanded storage - for now. VAX memory
and 3090 implementations of expanded storage are both limited to 2gigabytes. Global sections
actually allow better performance than expanded storage, but expanded storage implementa-
tions can grow to 16Terabytes. Entire databases may be loaded into expanded storage in the
future (by HSM, for example). Overall performance may be dramatically reduced by virtually
eliminating access delays imposed by rotating media. :
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3.5 Caching

Caching is a technique that gives the appearance of a large, fast memory from the combination
of a small, fast memory and a slower, large memory. Data migrates to and from the small,
fast memory to take advantage of frequent access. For storage caches, the slower memory is
typically a rotating device such as a disk, while the cache memory is RAM. Finding data in
the cache that coincides with a request is referred as a cache hit.

There are two perspectives when analyzing the effects of caching on the I/O subsystem. From
the device perspective caching tends to lower the request rate, thereby decreasing the overall
response time of the devices by reducing queueing time. From the system perspective the
request rate throughput increases because the service time from cache is significantly less than
that of the devices.

Although caching impacts performance, the impact is not architectural. The effect of imple-
menting a cache can be approximated by reducing the request rate of a given workload to
that of cache misses only.

3.5.1 Principles

The basic premise under which cache works is that data has a locality of reference, just
as instruction locality of reference works for CPU caches. Locality may be either spatial or
temporal. Spatial locality assumes that there is high probability that related records are located
nearby. Temporal locality is the premise that a record will be used again in the near future.

Caches are classified by the handling of writes. Caches that send completion notices before
writing the data to the physical media usually out perform those that only capitalize upon the
presence of read data.

3.5.1.1 Read Policies

Readahead refers to reading more data than requested based upon spatial locality. Replace-
ment is not directly affected by this policy.

Prefetch is the reading of anticipated data for sequential and random access patterns. The
immediately requested data is not loaded into the cache once the data is sent because the cache
assumes that the data will not be read again. Sequential algorithms dictate that following
blocks will be needed and are staged into the cache; random algorithms specify that the next
likely block required will be either the preceding or following data. With sequential access
prefetched blocks are released once requested since the record will not be needed again;
random access maintains the data in the cache under a least recently used purge algorithm.

3.5.1.2 Write Policies

A cache can handle writes in a numbered of ways. The simplest action for a cache is to ignore
the write other than to invalidate an entry for the block if it is present. This is referred to as
““writethrough’” cache without write allocation. The writethrough cache could be extended to
include write allocation, but the cache update must occur after the write to physical media.

The next alternative write policy is ““write-behind’” or “/fast write’’. Response time is improved
for writes by considering the cache itself to be the destination for the data and returning an
I/O completion. The write to the physical media is performed according to some subsequent
scheduling algorithm that attempts not to impede read requests but optimize write ordering.
Making the cache nonvolatile is imperative.
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““Writeback’’ caching goes one step beyond write-behind caching by trying to completely elim-
inate some write requests. The theory behind this cache policy is that data once written may
again be written soon, thus avoiding the first write to physical media as unnecessary. How-
ever, when a reallocation of a block has not been written to physical medla, the subsequent
operation must wait for the ““dirty’” write to complete.

3.5.1.3 Replacement

The first choice of any cache placement should be to utilize blocks that are considered free.
Sequential access recognition and write invalidation provide means by which a free list of
blocks might be retained.

The main replacement strategies are sequential and least recently used (LRU). They both apply
to read replacements. The sequential strategy relies on identification of a sequential access
stream to purge blocks for reuse as they are read from the cache. LRU works under the
assumption of temporal locality. Blocks are taken from an LRU list only when necessary for
a new allocation.

Writes affect replacement by either invalidation or allocation. Write invalidation occurs for
a write hit when cache is not filled by write data. Such a strategy only makes sense for
a writethrough cache. Write allocation can be applied to writethrough, write-behind, or
writeback cache. When write allocation with writethrough caching is used, a source of free
blocks is eliminated, but the tradeoff is the probability of use of written data in the future by
reads.

3.5.2 IBM

A host software cache was not as feasible as controller cache for IBM because of the ar-
chitectural limit on host central memory. ESA’s implementation of expanded storage is in
essence a host cache allocated through supervisor services. The current implementation of
central storage on an IBM 3090-600S tops out at 512 megabytes with an additional 2 giga-
bytes attachable through expanded storage. The 3090 limit on central storage is 2 gigabytes;
for expanded storage it is 16 terabytes. The limitation of expanded storage is physical, not
architectural. Expanded storage looks like any other storage device; however, the path be-
tween expanded storage and central storage is so fast that the data movement is faster than
the path for the operating system software to perform a context switch to another process.
As a consequence, I/O to/from expanded storage is performed synchronously, without any
CPU rescheduling bemg performed. From a physmal perspective, I/O with expanded storage
differs from disk I/O in that expanded storage is contained within the processor complex as
opposed to a disk which is disjoint from the processor.

3.5.2.1 Controller Cache

IBM offered cache in the past with the 3880-M13/M23 storage controllers; the current cache
product is the 3990-M3. Cache sizes for this controller are 32, 64, 128 or 256 megabytes.
This cache controller is segmented in 16Kbyte areas and supports up to eight concurrent
operations. The 3990-M3 uses the LRU algorithm for management of cache segments.
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3.5.3 Digital

Today Digital does not have a cache product offering on the market. For the last 2 years,
engineering has been evolving a multilevel caching strategy.

Qualitatively, caching is more effective when it is closer to where its data will be used. Thus,
keeping the cache in the host primary memory has the least latency. The tradeoff is system
memory and CPU cycles. With the high architectural limit on primary memory for the VAX,
a host memory cache is feasible. It is unclear whether CPU cycles that are used to perform
the cache move would not sit idle waiting for an actual I/O operation.

3.5.3.1 Host Software Cache

Host caching of shared data across systems must update all participating systems within a
VAXcluster. - The update notifications add latency to the operation and consume CI band-
width. As yet the effects of the update notifications have not been quantified against real
workloads.

3.5.3.2 HSC cache

The HSC 32MByte cache will be Digital’s first implementation of controller-based cache. Initial
implementation will be a writethrough cache. ““Fast write’’ is being implemented indepen-
dently of the cache. It will require two physical writes to the device. The first write will go
to a reserved surface and written at the first possible sector. A log will be kept in a RAM on
the device. The host end notification is then sent, followed by scheduling of the actual target
write (complete with seek and rotational delay). The data is retained on the special surface
for recovery in case of fail over. Once the target write is complete the log entry is cleared.
The cost of this technique is one full surface of capacity and (normally) the latency of a head
switch for the ““fast write””.

3.5.3.3 Vail Cache

Figure 2-13 shows the design of the Vail cache. The cache is composed of two separate
memories: the buffer memory and the CMM. All data flows in and out of buffer memory,
between the MOCHAs and the CI port. Only write data flows into CMM memory; however,
subsequent reads to blocks already in the CMM are satisfied from the CMM memory. Since
only one path between the HDAs and the cache memories exist, writeback or write-behind
cache is fairly straight forward. Just as criticality of data memory in the HSC can dictate the
need for cache memory to support ‘‘fast write’’, intensity of Vail buffer memory can dictate
a "‘4-step method’’ of write caching. The 4-step method frees buffer memory while queueing
or a seek transpires. The additional movement to refill the data from CMM memory may be
well worthwhile.

3.6 Conclusions

The introduction of multiple CI support significantly improves Digital’s competitive position
for both capacity and number of devices.

Although DLSE greatly reduces RPS miss overhead, HSC-based VAXclusters suffer less RPS
delay than DLSE for workloads over 600 requests/second. Since typical workloads for each
subsystem are less than 400 request/second, DLSE in fact incurs less RPS delay than HSC-
based subsystems. The weakness in the HSC controller is the single path through the K.sdi.
The bandwidth of the Vail SEBB virtually eliminates RPS.
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When cumulative delays are considered, the HSC server has about the same asymptote as

- DLSE. DLSE has less delay in the region exhibited by most workloads. The bandwidth of the
SEBB allows Vail to perform very similarly to DLSE below 400 requests/second and outper-
form it above that point. The increased CI port bandwidth and additional MSCP interpreter
processors enable Vail to surpass DLSE’s asymptote.

The VAX architecture has an advantage over the IBM systems” ability to process simultaneous
I/O termination interrupts. However, each processor’s actual overhead must be considered,
as well as the software handling in making valid comparisons.

IBM'’s I/O architecture has addressed the routing problems of multiple point-to-point paths
from a single system. They have offered a shared controller to implement a loose coupling
solution. Digital has addressed loose coupling by VAXclusters, which implement global lock
management and a communications architecture. We have not yet addressed the problem
imposed by a monolithic (or tightly coupled) system that produces a demand that exceeds the
capacity of a single channel.

The multilevel cache strategy of VCC and HSC cache will finally fill a gap. Although the HS5C
““fast write’”” incurs a head switch time over the ideal nonvolatile RAM implementation, it
answers a competitive need.

Host memory for Global Sections can compete with Expanded Storage to a degree; however,
using VAX memory cannot compare with the size of a 16 terabyte expanded storage for
reducing page fault waits. IBM can load images or data into expanded storage and service
page faults (from expanded storage) faster than the required processing to perform a context
switch to another process.

A limitation with VMS SMP has come to light. It appears that processor affinity exists for the
VMS fork dispatcher. The net effect is that all I/O completion processing occurs on a single
CPU within a tightly-coupled system, making VMS a hybrid SMP with a “control processor”’.
It would be unreasonable to expect a truly pure SMP. There are points where pure SMP can
actually degrade performance over a compromise AP system, but this is NOT such a case. An
1/O intensive workload can easily create a bottleneck in the ‘“control processor’” with three
or more CPUs. IBM’s MVS uses “'prefixing’’ to avoid the problem. We have a competitive
exposure.

3.6.1 Digital /O Competitive Weaknesses

Although Digital has some advantages in the I/O subsystem, as VAX9000 and future systems
deemphasize VAXclusters, there are both short term and long term weaknesses as compared
to IBM’s I/O subsystem. The short term weaknesses have mostly been addressed:

1. The lack of caching products.

2. Limitations in the single host CI port as opposed to multiple IBM channels for I/O exten-
sibility.

3. Processor affinity of the VMS fork dispatcher.

The numerous caching products in development will address the first issue. The introduction
of the VAX9000 has addressed the second issue. The third issue is a VMS issue.

There are some long term weaknesses that are not currently being addressed:
1. The requirement for higher requests rates for same amount of data transfer.
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2. No long term answer to expanded storage.

The introduction of caching products should bring the the request rates down toward that of
IBM’s subsystems; however, higher request rates are inherent in Digital workloads because of
smaller request sizes. The introduction of expanded storage has further reduced the requests
rates to the IBM subsystem. Although utilizing VAX main memory (via global sections) effects
a similar reduction in I/O requests, the 16 terabyte limit of expanded storage offers solutions
not available through the use of global sections.
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APPENDIX A
RPS QUANTIFICATION

The following graphs demonstrate the architectural delays for the key products of IBM and
Digital.
Figure A-1: RPS Miss
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Figure A-1 (Cont.): RPS Miss
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Figure A-1 (Cont.): RPS Miss
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Figure A-1 (Cont.): RPS Miss

IBM/DEC STORAGE PERFORMANCE
High-End Calculated RPS Miss

N\ 1. 0o ElLLE
m == YAIL
I —--= RAT0 : :
0 0. 80 {omeenes ' RA90|ceeeeen -Z ------------- 3 -----
A = |
" -
T ;
F :
- '
0 , :
U 0.40 g o i
0 i s |
v E i :
0.204- ' : v
" I
Q. M '
14 0 ' = ' * ’
0 500 1000 1500 2000 2500 3000 3500 4000

Request Per Second

Figure A-1 Cont’d on next page

A-4 RPS Quantification



Comparison of IBM and Digital Storage Architectures - 29-March-1990

Figure A-1 (Cont.): RPS Miss
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Figure A-1 (Cont.): RPS Miss
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APPENDIX B
CUMULATIVE DELAY QUANTIFICATION

The following graphs display the overall architectural delays due to RPS miss and additional
queueing.
Figure B-1: Total Path Delays
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Figure B-1 (Cont.): Total Path Delays
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APPENDIX C
SYSTEM TOPOLOGY

The two companies have designed their respective 1/O subsystems for different environments.
IBM has used an open-ended 1/O architecture capable of supporting an indeterminantly pow-
erful system. Digital has designed an 1/O subsystem to satisfy requests from multiple systems
of bounded I/O appetite. IBM’s environment has grown out of an architectural philosophy
which focuses on many servers that reduce, if not eliminate, queuing.

C.1 Monolithic Processing
Monolithic processing refers to a system with a single CPU, memory, and I/O subsystem.
This is the type of system from which IBM has derived its current architecture.

C.2 Coupling

Processor coupling refers to memory sharing. Tight coupling means that multiple processors
share primary memory. Loose coupling implies that the processors share secondary storage.
In the abstract, loose coupling is different from a network because a network is a collection
of systems that share the communications medium rather than any real storage medium.

C.2.1 Tight Coupling
The term tight coupling refers to the sharing of main memory by multiple CPUs.
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cpu , cpu

System

Primary Memory

Secondary Storage

C.2.1.1 Attached Multiprocessing

Asymmetric multiprocessing is the simplest step from monolithic processing. In this configu-
ration a second processor can o:iv execute enough kernel mode code to dispatch to a user
program. All interrupts, excepticins, memory management, and scheduling are handled by
a control processor. Scheduling functions include job control, processor dispatching, and
I/0O initiation. The restriction may be physical or software only. Typical workloads quickly
saturate the control processor when more than one attached processor is configured.

C.2.1.2 Symmetric Multiprocessing

Symmetric multiprocessing refers to a tightly coupling where all CPUs can perform all func-
tions. To serialize critical sections, the operating system software must use memory variables
(locks) that are shared among the participating processors.

IBM conﬁgurations that have channels attached to the CPUs are somewhat restrictive in that
requests can only be sent down a channel from the appropriate CPU.

The VMS version 5 operating system is the first symmetric multiprocessor support. To convert
to symmetric multiprocessing (SMP) the IPL synchronization had to be changed to use shared
memory variables (Mutexes). Rather than completely redesign the operating system, the
Mutexes were implemented to work with IPLs.
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C.2.2 Loose Coupling

Loose coupling is the sharing of secondary storage among a number of systems. An interlock
technique similar to the shared memory variables used by symmetric multiprocessing must be
used to avoid data corruption and deadlock. There are two basic topologies to effect loose
coupling. The sharing systems must obey the necessary rules of utilizing interlocks to prevent
deadlocks and data corruption.

The simpler topology employs a single external point among the participating systems that
performs the primitive interlock functions upon request. IBM shared DASD is example of
this topology where a shared controller is used. Software protection against deadlock is
incomplete and requires operations management of applications.

Figure C-2: Loose Coupling

cpu ' ' cpu
System 1 ' : System 2
Primary Memory ) ' Primary Memory

—— !

Secondary Storage

VAXclusters represent the other form of loose coupling where there is adequate software
support to prevent deadlocks and data corruption. VAXclusters employ a “’partitioned””
approach; each system in the VAXcluster performs the primitive interlock functions. The
VAXcluster software relies on the the VMS Lock Manager to provide the primitive interlock
functions. The Lock Manager itself is more robust than most designs in that it is a general
resource function as opposed to a file system-specific function.
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GLOSSARY

Adapter: A device that converts from one bus to another. A distinction between an an adapter and
I/O processor is that an adapter is restricted to addressing “‘registers’”” in a dedicated area within
main memory; I/O programs for an I/O processor may exist anywhere in primary memory.

AMS: A set of utilities for accessing data; Access Method Services

AP: Attached multiProcessing - multiple processors sharing main memory where certain processors
are limited in capabilities

AST: Asynchronous Service Trap - a processor dispatch technique that allows a process to handle an
asynchronous event with a separate context from the main execution thread

ASTLVL: Asynchronous Service Trap LeVel - an internal VAX register that works in conjunction with
the REI instruction microcode to scan for deliverable ASTs based upon processor mode

BDAM: Basic Direct Access Method - a component of AMS
BPAM: Basic Partitioned Access Method - a component of AMS
BSAM: Basic Sequential Access Method - a component of AMS

Central Storage: The main memory and extended storage interface control connected to an IBM 3090
processor

Channel: A device which communicates directly with I/O devices and manages the flow of information
between I/O devices and main storage

CKD: Count, Key, Data - IBM formatting method used on 3330, 3350, and 3380 disk drives for record
location

Control Unit: Controls the timing of data transfer; adapts the characteristics of I/O devices to a
standard form; accepts control signals from the channel and provides indications concerning the
status of I/O devices

CRC: Cyclic redundancy check bytes
DASD: Direct Access Storage Device, i.e. a disk drive

Datagram: A communications package that requires the upper layers to ensure delivery and flow
control

DSA: Digital Storage Architecture - Digital’s current I/O architecture
ECC: Error correction code

ESDS: Data organization scheme under VSAM - Entry Sequenced dataset
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FBA: Fixed Block architecture - specifically IBM’s implementation, for this paper, such as the 3370
Interface: The communication between two different levels in a hierarchy

I/0 Processor: A programmable processor that handles I/O “’programs’ in a similar way to a CPU. A
distinction between an I/O processor and an adapter is that the I/O programs may exist anywhere
in primary memory; an adapter is restricted to addressing “‘registers”” in a dedicated area within
main memory.

10S: A component of IBM’s operating systems, the I/O Supervisor
IPL: Interrupt Priority Level - hardware enforced processor priority that establishes a full ordering
ISO: International Standards Organization

ISR: Interrupt Service Routine - the first software to execute upon processor interruption. It saves
current CPU context and sets up subsequent interrupt handling.

KSDS: VSAM data organization Key sequenced dataset
Main Memory: The main memory used by the central processor
MASSBUS: Mass Storage Bus - did not replace UNIBUS for general peripherals

MSCP: Mass Storage Communications Protocol - the master/slave protocol between host and controller
in the Digital I/O architecture.

Mutex: Mutual exclusion variable - a means to control synchronization for data access to prevent
corruption

Osl: Open Systems Interconnect
PMS: A sketch oriented technique to represent a system’s high level components
Primary Memory: The main memory used by the central processor

PSL: Processor Status Longword - VAX register that contains the processor mode and privilege status
information

Protocol: The communication between peer layers. In communications this defines the data formats
and their interpretation.

QSAM: Queued Sequential Access Method

Queue Length: The average number of customers/transactions at the service center both waiting and
receiving service

RAM: Random Access Memory - solid state chips, usually MOS

REl: Return from Exception or Interrupt A VAX instruction that returns control to the appropriate
stack and IPL after processing either an exception or an interrupt

Residence Time: The average time spent at the service center, by a customer/transaction, both queu-
ing and receiving service

RPS: Rotational position sensing

SCA: System Communications Architecture - Digital’s host to storage subsystem architecture
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Service Demand: The average service requirement (a quantity) of a customer/transaction

'SIOF: Start I/O Fast Release - Instruction in the 370 set which initiates an I/O and does not wait for
an acknowledgment, i.e. asynchronous I/O

S10 Rate/Sec: Number of Start I/O’s issued to a device over the duration of a single second

SMP: Symmetuc Multhrocessmg multiple processors sharing main memory where all processor are
equal in capability

Sub-Channel: Channel facilities required for sustaining a single I/O operation
Sxl: Generically used to stand for either Digital’s SDI for disk or STI for tape
Throughput: The rate at which transactions pass thru the service center
UNIBUS: PDP11 positional priority bus for peripheral connections

Utilization: Portion of time the server is busy

VC: Virtual Circuit - a communications abstractions that provides guaranteed delivery and flow control
to higher layers (Digital uses a slightly different meaning)

VCC: VAXcluster Cache - host-based software writethrough cache in VMS
VMS: Virtual Memory System - the main operating system for VAX

VOLSER: Acronym for VOLume SERial number - a user defined label of reference for magnetic storage
media

VSAM: Virtual Storage Access Method

VTOC: Volume table of contents a reserved file containing information about datasets allocated on a
specific disk

Workload Intensity: Rate at which customers (serviceable interactions) arrive at a service center (i.e.
a disk)
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