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The need for efficient storage and processing of very
]
large data bases coupled with advances in Large Scale Inte-

gration (LSI) technology have motivated various proposals to

develop specialized computers for data base processing. The

IMS data base computer (DBC) approach to this problem is to 4

implement the logical functions of a data base management

system by means of a hierarchy of microprocessors and to use
a data storage hierarchy for efficient storage and retrieval

of very large databases. FQ:

1 In a previous report, DSH-1, a general structure of the
data storage hierarchy of the IMS DBC was described. DSH-1
incorporates novel features to enhance its availability and

performance. Many alternative architectures of data storage

hierarchies can be derived from DSH-1. These st-iIctures can
be used to perform detail studies of various research issues

concerning data storage hierarchies.

This report describes a simple structure of the IMS data | (3

storage hierarchy derived from DSH-1. This structure is
called DSH-11] and is used to develop detail data movement

algorithms for supporting the read and write operations.

Multi-level inclusion properties of DSH-11 are then

discussed. s E

SECURITY CLASSIFICATION OF THIS PAGE(When Deate Entered)

-




Preface

The Center for Information Systems Research (CISR) is a
research center of the M.I.T. Sloan School of Management. It
consists of a group of management information systems specialists
including : faculty members, full-time research staff, and
student research assistants. The Center's general research
thrust is to devise better means for designing, implementing, and
maintaining application software, information systems, and

decision support systems.

Within the context of the research effort sponsored by the
Naval Electronics Systems Command under contract
N@0039-78-G-0160, CISR has proposed to conduct basic research on
the Intelligent Memory System (IMS). The IMS is a high
performance, high availability information management system for

supporting future Command, Communication and Con’.0l Systems.

Current advances in LSI and Multi-Chip Integration technology
offer the potential for development of modular multi-processor
building blocks for information management, as well as for
intelligent memory controllers. Advances in information
management technologies have made it possible to hierarchically
organize the information management functions so as to facilitate
pipeline and parallel processing. The IMS attempts to integrate
the above hardware and software advances. In the IMS, all the

information management functions are decomposed into a functional
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hierarchy. Each level of the functional hierarchy is impiemented
using modular multi-processor building blocks. An automatic
3 storage hierarchy is used by the IMS £or\storage and retrieval of
very large databases. Each level of the storage hierarchy is

implemented using modular multi-processor controllers and their

associated storage devices.

The proposed research described in Contract N@P039-78-G-0160
focuses on the concept development, architectural design and
evaluation of the IMS storage hierarchy. Specific research tasks

to be accomplished are : (1) design of a general structure of

the IMS storage hierarchy, (2) design of a revised structure of
the IMS storage hierarchy, (3) develop algorithms for the IMS

storage hierarchy, (4) performance evaluation of the IMS storage

hierarchy.

Technical Report No. 1 introduces the concepts of IMS and its
research directions. Technical Report No. 2 discusses the
concepts of data storage hierarchies from a practical point of
view. A design of DSH-1, the data storage hierarchy of the IMS
database computer, is described. This report describes a simple
structure of the IMS data storage hierarchy derived from DSH-1.

Algorithms for supporting d and write operations are
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ABSTRACT

The need for efficient storage and processing of very
large data bases coupled with advances in Large Scale Inte-
gration (LSI) technology have motivated various proposals to
develop specialized computers for data base processing. The
IMS data base computer (DBC) approach to this problem is to
implement the logical functions of a data base management
system by means of a hierarchy of microprocessors and to use
a data storage hierarchy for efficient storage and retrieval

of very large databases.

In a previous report, DSH-1, a general structure of the
data storage hierarchy of the IMS DBC was described. DSH-1
incorporates novel features to enhance its availability and
performance. Many alternative architectures of data storage
hierarchies can be derived from DSH-1. These structures can
be used to perform detail studies of various research issues

concerning data storage hierarchies.

This report describes a simple structure of the IMS data
storage hierarchy derived from DSH-1. This structure is
called DSH-11 and is used to develop detail data movement

algorithms for supporting the read and write operations.




Multi-level inclusion properties of DSH~1ll are then

discussed. ;
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Section I

INTRODUCTION

To support better decision-making, effective and efficient
storage and processing of very large data bases has been a
major concern of modern organizations. Data Base Management
Systems (DBMS's) have been developed specially to handle the

storage, retrieval, and update of very large databases.

Current DBMS's are capable of handling large databases in
the order of a trillion bits of data, and capable of han-
dling query rates of up to one hundred queries per second.
Due to the increasing need for better information, and the
declining costs of processors and storage devices, it is
expected that future high performance DBMS's will be
required to handle query rates and provide storage capaci-
ties several orders of magnitude higher than today's (Mad-
nick, 1977). Furthermore, with such high query rates (gen-
erated by terminal users as well as directly from other
computers), it is essential that the DBMS maintains non-stop

operation. Thus, guaranteeing the availability of the DBMS

becomes very important.
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To meet these orders of magnitude improvements in perfor-
; mance over current DBMS's while at the same time providing
high availability, new software and hardware architectures
are needed. Various approaches have been proposed to
develop high performance computers specially designed for
database handling. These various approaches are discussed
in (Lam and Madnick, 1979a; La» and Madnick, 1979c¢c). The

f approach taken by the IMS Data Base Computer is to make use

k of a hierarchy of microprocessors to implement the logical

functions of a DBMS. A data storage hierarchy is used for

storage and retrieval of large databases.

A data storage hierarchy is a storage subsystem with sto-
rage devices of different cost/performance characteristics
arranged.in a hierarchy, designed specifically for very
large data bases. A data storage hierarchy takes advantage
of the combination of different storage devices and locality
of references (Denning, 1970) to realize a storage subsystem
with very large capacity and small access time. Advances in
memory technology have produced a more continuous, but wide
spectrum of storage devices with different cost/performance
characteristics. It is expected that this situation will
persist. Thus, there is great potential in the development

of effective data storage hierarchies.




A general structure of the IMS data storage hierarchy has
been developed (Lam and Madnick, 1979d). This report is
focused on developing effective data movement algorithms for
supporting reading and writing of data in the IMS data sto-
rage hierarchy. The following sections will describe a sim-
ple structure of the IMS data storage hierarchy called
DSH-11. Detail-algorithms for supporting the read and write

operations are developed. Multi-level inclusion properties

of DSH-11 are then discussed.
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Section II H

STRUCTURE OF DSH-11

The generél structure of DSH-11l is illustrated in Figure
2.1. There are-h storage levels in DSH-11, denoted by L(1l),
L(2), ««. , L(h). L(1) is the highest performance storage

level. L(1l) consists of k memory ports. Each memory port
is connected to a processor. All k memory ports share the

same local bus. A storage level controller (SLC) couples

the local bus to the global bus. The global bus connects

all the storage levels.

All other storage levels have the same basic structure.
In each storage level, there is an SLC which couples the
local bus to the global bus. There is a memory request pro-
cessor (MRP) that handles requests to the storage level.
There are a number of storage device modules (SDM's) that
store the data within the storage level. The SLC, MRP, and

SDM's share the same local bus.

The number of SDM's in different storage levels may be
different. The type of storage device in the. SDM's in dif-

ferent storage levels are different. For high efficiency,

the block sizes of different storage levels are different.
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L(1) has a block size of g(l), L(2) has a block size of

q(2)=n(1)*q(l), and so on, where n(l), n(2), ..., n(h=1) are

non-zero integers.

2.1 THE DSH-11 INTERFACE

From the point of view of a processor connected to an
DSH-11 memory port, DSH-11 appears as a very large virtual
memory with 2**V bytes. The entire virtual address space is
byte addressable. The instructions for a processor are
stored in a local memory outside of DSH-11l. This local
memory has an address space of 2**G bytes. Hence, the

effective data address space is (2**V-2**G) bytes.

All operations on data within DSH-11 are performed in
L(l). Thus, if a referenced data item is not in L(1), it
has to be brought into L(l1) from a lower storage level.

This induces a delay on the instruction comparable to a page
fault in virtual memory systems. Each processor has multi-
pPle register sets to support efficient multiprogramming.

The key registers for interfacing with DSH-11 are the memory
operation register (MOR), the memory address register (MAR),
the memory buffer register (MBR), the operation status
register (OSR), and the process identification register

(PIR). The MAR is V bits wide and the MBR is n bytes wide,

where n is less than g(l), the block size of L(1).




A read operation requests n bytes of data at location
pointed to by MAR to be brought into the MBR. A write oper-
ation requests the n bytes of data in the MBR be written to

. | the location pointed to by the MAR. We shall assume that I
the n bytes of data in a memory reference do not cross a ;
L(1) block béundary (If a data item crosses block boundar- : f
ies, multiple requests will be used so that each request

only reference data within block boundaries).

A read or write operation may proceed at the speed of the

L(l) devices when the referenced data is found in L(1).
Otherwise, the operation is interrupted and the processor
switches to another process while DSH-11l moves the refer-
enced data into L(l) from a lower storage level. When the
data is copied into L(l), the processor is again interrupted
to complete the operation.

2.2 THE HIGHEST PERFORMANCE STORAGE LEVEL L(1)

As illustrated in Figure 2.1, L(l) consists of k memory
ports. Each memory port consists of a data cache controller
(DCC) and a data cache duplex (DCD). A DCC communicates

with the processor connecting to the memory port. A DCC

also maintains a directory of all data in the DCD. All k.
memory ports share a local bus. An SLC servés as a gateway

for communciation between L(l) and other storage levels,




2.3 A TYPICAL STORAGE LEVEL - L(I)

A typical storage level, L(l), consists of a number of

SDM's, an MRP, and an SLC. An SLC serves as the gateway for
communication among storage levels. The MRP services
requests to L(i). An SDM performs the actual reading and

writing of data. An SDM consists of a device controller and

the actual storage device.

To gain high throughput, communications over the global

bus is in standard size packets. The packet size is such

that it is sufficient for sending one L(l) data block. Com-

munciations over a local bus at L(i) is also in standard
size packets. The size of a packet depends on the storage
level and is chosen so that a packet is sufficient to send a

data block of size q(i).

In the following sections, the read and write operations

are discussed in detail
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Section III

ALGORITHMS FOR SUPPORTING THE READ OPERATION

3.1 THE READ-THROUGH OPERATION

A read request is issued by a processor to its data cache
controller. The data cache controller checks its directory
to see if the requested data is in the data cache. If the
data is fbund in the data cache, it is retrieved and
returned to the processor. If the data is not in the data

cache, a read-through request is queued to be sent to the

next lower storage level, L(2), via the storage level con-

troller.

At a storage level, a read-through request is handled by

the memory request processor. The memory request processor
checks its directory to determine if the requested data is
in one of the storage device modules at that level. If the

data is not in the storage level, the read-through request

is queued to be sent to the next lower storage level via the

storage level controller.

If the data is found in a storage level, L(i), a block
containing the data is retrieved by the appropriate storage

device module and passed to the storage level controller.

§
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The storage level controller broadcasts the block to all
upper storage levels in several standard size packets. Each
upper storage level has a buffer to receive these packets.

A storage level only collect those packets that assemble
into a sub-block of the appropriate size that contains the

requested data. This sub-block is then stored in a storage

device module. .

At L(1), the sub-block containing the requested data is

stored, and the requested data is sent to the processor with

the proper identification.

Figure 3.1 illustrates the read-through operation.

Assume that DSH-11 has only three storage levels, L(l) with
block size b, L(2) with block size 2b, and L(3) with block
size 4b. Suppose a reference to a data item 'x' is found in
a block in L(3). Then the sub-block of size 2b containing
'x' is broadcasted to L(2) and L(1) simultaneouély. L(2)
will accept and store the entire sub-block of size 2b. L(1)
will only accept and store a block of size b that contains

'x'. The two sub-blocks, each of size 2b of a parent block

in L(3) are refered to as the child blocks of the parent
block.
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Figure 3.1 Read-Through Operation
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3.2 OVERFLOW HANDLING

To accomodate a new data block coming into a storage

level as a result of a read-through, an existing data block
may have to be evicted. The block chosen for eviction is
that which is the least recently referenced block such that
none of its child blocks is in the immediate upper storage
level. To support this scheme, each block is associated

with a Upper Storage Copy Code (USC-code). If any of the

child blocks of a data block is in the immediate upper sto-
rage level, its USC-code is set. Each time the last child
- block in L(i) of a parent block in L(i+l) is evicted from
L(i), an overflow request is sent to L(i+l) to reset the

USC~-code of the parent block.

Blocks in L(1) and L(2) are handled slightly differently
due to the use of data caches in L(l). Since multiple
copies of the same data block may be in different data
caches, evicting a block does not necessarily guarantee no
other copy exists in L(l). The following strategy is

adopted to overcome this difficulty. During a read-through,

the USC-code of the block in L(2) is incremented by 1. Each

time a block in L(1l) is evicted, an overflow request is sent

to L(2) to decrement the USC-code of the corresponding par- |
ent block. This stratégy does not require communications ;i

among different data caches. . 4
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3.3 PATHOLOGICAL CASES OF READ-THROUGH

The parallel and asynchronous operations of DSH-11 and
the use of buffers at each storage level complicates algor-
ithms for handling the read operation. Pathological cases

that affect the algorithms are discussed below.

3.3:1 Racing Requests

Two different requests Rl and R2 may reference the same
block of data. Furthermore, these two requests may be close
to each other such that both may be reading-through the same
block of data at some storage level. Since a data block is
transmitted in several packets asynchronously, each packet
must be appropriately identified to avoid confusion when

assembling the data sub-blocks at higher storage levels.

A similar situation arises when Rl and R2 are close
together such that R2 begins to read-~through the same data
block that has just been read-through by Rl. Thus a data
block arriving at a storage level may find that a copy of it
already exists at that storage level. 1In this case, the
incoming data block is ignored. At L(1l), this data block is
ignored and the one in the data cache is read and returned
to the processor, since this is the most up-to-date copy of

the data block.
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22 Erronous Overflow

When a data block is evicted from L(i) to make room for

i

an incoming data block, an overflow request containing the
virtual address of the evicted data block may be generated.
The purpose of the overflow request is to inform L(i+l) that
there is no ionger any data block in L(i) with the same
family address as the virtual address in the overflow
request. Hence, an overflow request is generated only when

the last member of a family in L(i) is evicted.

The overflow request has to be forwarded to the MRP at
L(i+l). At any point on the way to the MRP, a data block in
the same family as the evicted block may be read-through
51 into L(i). This poses the danger that when the MRP receives
the overflow request indicating that no data block in the
same family as the evicted block exists in L(i), there is

actually one such block being placed in L(i).

The following strategy is incorporated in the algorithms
that support the read-through operation to avoid such a

potential hazard.

l. At the time the overflow request is to be created
in L(i), a check is made to see if there is any
data block in the same family as the evicted block -
that is currently in any buffer of L(i) waiting to
be placed in L(i). 1If so, the overflow request is
not created.

2, At the time a new data block arrives in L(i), any
overflow request with the same family address as

- 14 =




the incoming data block waiting to be sent to
L(i+l) is purged.

3. When an overflow request arrives at L(i+l) from
L(i), a check is made to see if there is any data
block waiting to be sent to L(i) that has the same
family address as the overflow request. If so,
the overflow request is purged.

4. At the time a request is generated to send a data
block to L(i), any overflow request from L(i) that
is still waiting in L(i+l) that has the same
family address as the data block to be sent to
L(i) is purged.

3.3.3 Overflow to a Partially-assembled Block

Suppose that as a result of a read-through from L(i+2),
B(i), the only child block of B(i+l), is in L(i) and B(i+l)
is partly assembled in the buffer in L(i+l). It is possible
that B(i+l) is still only partly assembled iﬁ L(i+l)‘when
B(i) is evicted from L(i). The overflow request will find
that the corresponding parent data block is still being
assembled in L(i+l). A solution to this difficulty is to
check, at the time of arrival of the overflow request, if
there is any incoming data block which is the target parent
block of the evicted block as indicated in the overflow
request. If so, the overflow request is held till this par-

ent block has been placed in a storage device.

- 18 «
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3.4 TRANSACTIONS TO HANDLE THE READ OPERATION

P A read request is issued by a processor to its data cache

controller. If the data is not found in the data cache, it

has to be brought up via a read-through. The read-through

operation is realized via a number of transactions. The

flow of transactions to support the read-through operation

is illustrated in Figure 3.2.

A read-through transaction is created by a data cache

S T

controller and propagated to lower storage levels. At each

storage level, the read-through transaction is handled by a ?
memory request processor which checks its directory to see :
if the requested data is in the current storage level. If %
the data is not in the current storage level, the read- ;
through transaction is sent to the next lower storage level. @

Suppose that the data requested is found at L(i). The

read-through transactio:n is terminated and a retrieve tran-
saction is created to read the data from a storage device.

A read-response-out transaction that contains the read data

is sent to the storage level controller. The storage level

controller generates a number of read-response-packet tran-

sactions which are broadcast to ail higher storage levels.

Each of these transactions contains a sub-block of the |

requested data.

- 16 =
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At each higher storage level, an appropriate number of

read-response-packet transactions are assembled into a

read-response-in transaction which contains a data block of

the appropriate size. The memory request processor obtains

free space for the new data block in the read-response-in

transaction either by using existing free space or by evict-
ing an existing-block. Eviction of an existing data block L
may result in an overflow transaction being sent to the next tj
lower storage level. At the memory request processor, the i

read-response-in transaction is serviced and a store tran-

- saction is created. A storage device module handles the

store transaction by writing the data to a storage device.

The following subsections describe the algorithms for

handling each of the above transaction. The data base used

in these algorithms is the directory. Fields in a directory

entry and their usage are summarized below: ; E4
I

(1) wvirtual address : virtual address of data & |
block ‘ id

(2) real address : real address of data block /|

(3) USC-code : set if any child block of this o

data block is in the higher storage level F
(4) HOLD-code : set to forbid any overflow to ‘ .
this data block while it is being retrieved for :

read-through ,
(5) TRANSIT-code : set to indicate the data block i
is still in transit, forbids any reference to the

data block

—INESR SRS VY

£
|
i A
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3.4.1 The read-through Transaction

The read-through transaction is created by a data cache

controller and propagated down the storage levels via the
storage level controllers. It has the following format:

( read-through, virtual-address, process-id),

where virtual-address (denoted as read-through.virtual-
addres) is the virtual address of the referenced data item,
and process-id consists of a CPU identifier and a process
number. It is the identifier of the process that generated
the read bperation. The transaction is handled by a memory

request processor using the following algorithm.

l. Search directory for read-through.virtual-address.

2. If not found, forward the transaction to the sto-

rage level controller, which will send it to the
next lower storage level.

If found, suppose it is in the i~th directory

entry, and suppose directory(i).TRANSIT-code is
not set, do:

i) Set directory(i).USC~code to indicate a
child block exists in the higher storage
level for this block. If this is level

L(2), increment directory(i).USC-code
instead of setting it.

ii) Set directory(i) .HOLD-code to forbid any
overflow to this block while the data is
being retrieved.

iii) Create a retrieve transaction :( retrieve,

virtual-address,directory(i). real address,p—
rocess-id) .

iv) Send the retrieve transaction to the appro-
priate storage device module.

19 =
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3.4.2

1.
2.

3.

3.4.3

If found, suppose it is in the i~th directory
entry, and suppose directory(i) .TRANSIT-code is
set, then hold the request and retry later. When
the TRANSIT-code is set, it indicates that the
corresponding data block is in transit, hence any
reference to it is not allowed.

End.

The retrieve Transaction

The retrieve transaction is created by a memory request

processor and handled by a storage device module as follows.

Reﬁd the data block using retrieve.real-address.

Create a read-response-out transaction :( read-
response-out, virtual-address, process-id, data),
where data is the block containing the referenced
data item.

Send the read-response-out transaction to the sto-
rage level controller.

End.

The read-responte-out Transaction

The read-response-out transaction is created by a storage

device module and handled by a storage level controller

using the following algorithm.

1.

2.

Purge any incoming overflow transaction that has
the same family address as read-response-
out.virtual-address.

Send ( update-directory, virtual-address,HOLD-

code=0) to memory request processor to reset the
HOLD-code, so that overflow to this block is now
allowed.

o




3. Broadcast the transaction ( reserve-space, virtu-
al-address, process-id) to all higher storage lev-
els to reserve buffer space for assembling
read-response-out.data.

4. Wait till all higer levels have acknowleged the
space reservation transaction.

S. Generate the appropriate number of ( read-res-
ponse-packet, virtual-address, process-id, data,
data-virtual-address) transactions. Data is a
standard size sub-block and data-virtual-address
is the virtual address of this sub-block.

6. Broadcast each read-response-packet transaction to
all higher storage levels.

7. End.

3.4.4 The read-response~packet Transaction

This transaction is created by a storage level controller
and broadcast to all higher storage level controllers where

they are assembled into read-response-in transactions to be

handled by the memory request processors. Note that a sto-~
rage level only accepts those packets relevant for assem-
bling into a data block of the appropriate size, all other
associated packets are ignored. The following algorithm is
used by a storage level controller in assembling the

read-response-in transactions.

5
;
|

l. 1If this is the first packet of the assembly, do:
i) Purge any outgoing overflow transaction that
has the same family address as the block
being assembled.

ii) Add the packet to the assembly.

- 3l -




3.

3.4.5

If this is an intermediary packet of the assembly,
simply add it to the assembly.

If this is the last packet of the assembly, do:
i) Replace the assembly by a ( read-response-

in, virtual-address, process-id, data) tran-
saction. Data is the block just assembled.

ii) _.Send the above transaction to the memory
request processor.

End.

The read-response-in Transaction

This transaction is created by a storage level controller

and sent to a data cache controller (for L(l)) or to a

memory request processor (for L(2), L(3), «e.).

The following algorithm is used by a data cache control-

ler in handling this transaction.

1.

Purge any outgoing overflow transaction that has
the same family address as the block in the read-
response-in transaction.

Search directory for read-response-in.virtual-

address.

If found, suppose it is the i-th directory entry,
do:

i) Read data from the data cache using direc-

tory (i) .real-address.
ii) Send data to the processor.
iii) Increment directory(i).USC-code‘by 1,
If not found, do:

- 22 =
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5.

i)

ii)

iii)

iv)

v)

vi)

vii)

End.

Select a block to be evicted (assuming that
data cache is full). This is the least
recently referenced block such that it is
not engaged in a stored-behind process.
Suppose this block corresponds to direc-
tory(i).

Obtain directory(i).virtual-address, direc-
tory(i) .USC-code, and directory(i).real~

.address.

Write read-response~in.data into location
directory(i).real-address in the data cache.

Return read-response-in.data to the proces-
sor.

Create ( overflow, directory(i).virtual-

address, USC-code=directory(i).USC-code)

transaction, send it to the storage level
controller.

Update directory(i).virtual-address with.
read-response-in.virtual-address.

Set directory(i) .USC-code to 1.

At a memory request processor, the read-response-in tran-

saction is handled as follows.

1.

2.

3.

Purge any outgoing overflow transaction with the
same family address as the data block in the
read-response-in transaction.

Search for read-response-in.virtual-address in the
directory.

If not found, do:

i)

Select a block to be evicted (assuming that
the storage level is full). This is the
least recently referenced block such that it
is not engaged in a store-behind process, it
is not held (i.e., HOLD-code = @), and it is
not in transit (i.e., TRANSIT-code = 0).
Suppose this block corresponds to direc-
tory(i).
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ii) Obtain directory(i).virtual-address and
directory(i).real-address.

iii) If the evicted block is the last of its
family in the storage level and that there
is no incoming block with the same family
address then create a ( overflow, direc-
tory(i).virtual~-address, USC-code=l) tran-
saction. Send the transaction to the sto-
.rage level controller to be sent to the next
lower storage level.

iv) Set directory(i) .TRANSIT-code to 1 to indi-
cate the corresponding block is in transit.

v) Update directory(i).virtual-address with
read-response-in.virtual-address.

vi) Set directory(i) .USC-code to 1.

vii) Create a ( store, directory(i).real-address,
data) transaction and send it to the appro-
priate storage device module.

4. End.

3.4.6 The store Transaction

This transaction is handled by a SDM. Store.data is

placed in store.location, and a transaction ( update-direc-

tory, virtual-address, TRANSIT-code = @) is sent to the MRP
to reset the TRANSIT-code so that references to this block

is now allowed.

3.4.7 The overflow Transaction

This transaction is created by a data cache controller or

'a memory request processor and rovuted to a memory request

processor in the lower storage level via the storage level

- 24 <
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3 controllers. At each stop on the way to a memory request

‘ processor, a check is made to see if any incoming data block
has the same family address as the overflow transaction. If
so, the following algorithm is executed.

l. If the direction of flow of the overflow and

read-response-in are opposite, the overflow is
purged.

2. If the direction of flow of the overflow and the

read-response-out are opposite, the overflow is
5 purged.

3. If the two transactions are in the same direction
of flow, the overflow is held to be processed
after the read-response-in is handled.

At a memory request processor, if the HOLD-code is set

for the parent block of the overflowed block, the overflow
35 transaction is purged (HOLD-code is set indicates that the
| block is being retrieved by an SCM to be read-through to all
upper storage levels). Otherwise, the USC-code of the par-

ent block is decremented by overflow.USC-code.

- 38 -

s " L . . . i " ‘z"'.i..z;.."—"my .I":; Lk ' um 'hii" “.i‘z‘ i Pt i T i e, s




Section 1V

ALGORITHMS TO SUPPORT THE WRITE OPERATION

Algorithms to support the write operation are simplified
by the multi-level inclusion properties of DSH-11. The mul-
ti-level inclusion properties of DSH-11 guarantee that all
the data items in L(i) is contained in L(i+l). Thus, when
writing a.child block in L(i) to its parent block in L(i+l1),
the parent block is guaranteed to exist in L(i+l). The mul-
ti-level inclusion properties of DSH-11 will be discussed in

a later section.

4.1 THE STORE-BEHIND OPERATION

After a block is placed in a data cache as a result of a
read-through operation, its parent block exists in L(2), and
its grand-parent block exists in L(3), and so on. Due to
the multi-level inclusion properties of DSH-11, this situa-

tion will persist as long as the block is in the data cache.

After a data block in a data cache is updated, it is sent

down to the next lower storage levels to replace the corres-

-ponding child block in its parent block. This updated par-

ent block is sent down to the next lower storage level to
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update its parent block, and so on. This process is refered

to as the store-behind operation and takes place at slack

periods of system operation.

DSH-11 uses a two-level store-behind strategy. This

strategy ensures that an updated block will not be consid-
ered for eviction from a storage level until its parent and
grand-parent blbcks are updated. This scheme will ensure
that at least two copies of the updated data exists in
DSH-11 at any time. To support this scheme, a Store-Behind
Code (SB-code) is associated with each data block in a sto-
rage level. The SB-code indicates the number of acknow-
ledgements from lower storage levels that the block must

receive before it can be considered for eviction.

In a write operation, the data item is written into the
data cache duplex, and the processor is notified of the com-
pletion of the write operation. we shall assume that the
data item to be written is already in L(l) (This can be
realized by reading the data item into L(l) before the write

operation). A store-behind operation is next generated by

the data cache controller and sent to the next lower storage
level. The block in L(1) that has just been updated is

marked with a count of 2. This is illustrated in Figure

4.1(a).
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When a store-behind operation is received in L(2), the
addressed data is written, and marked with a count of 2. An
acknowledgement is sent to the next upper storage level,
L(l), and a store-behind operation is sent to the next lower
storage level, L(3). When an acknowledgement is received at
L(l), the counter for the addressed data item is decremented
by 1, which becomes 1. This is illustrated in Figure

4.1(b).

The store-behind is handled in L(3) by updating the
appropriate data block. An acknowledgement is sent to L(2).
At L(2), the corresponding block counter is decremented by
1, which becomes 1. The acknowledgement is forwarded to
L(l1). At L(l), the corresponding block counter is decre-
mented by 1 which now becomes 0, hence the block is elligi-

ble for replacement. This is illustrated in Figure 4.1(c).

Thus we see that the two-level store-behind strategy
maintains at least two copies of the written data at all
times. Furthermore, lower storage levels are updated at
slack periods of system operation, thus enhancing perfor-

mance. Detail algorithms for supporting this scheme will be

discussed in a later section.




4.2 LOST UPDATES

Several different updates to the same block will result 7 ]
in several different store-behind requests be sent to the E

ne«t lower storage level. It is possible that these store-

L ol e

behind requests may arrive at the next storage level out of

sequence, resulting in lost updates. f

: i
To resolve this potential hazard, there is a time-stamp %
associated with each block indicating the last time the

block was. updated. There is also a time-stamp associated -

with each child block of the parent block indicating the f

last time the child block was updated by a store-behind

yg

operation. A store-behind request will contain the block to

N

PRy 203

be updated and its time-stamp. This time-stamp will be com-

pared with that of the corresponding child block in the tar-

~—ra~y
PR Y

get parent block. Only when the store-behind data is more

recent will the update to the target parent block be per- 4 i

formed.

4.3 TRANSACTIONS TO SUPPORT THE WRITE OPERATION

Figure 4.2 illustrates the transactions to support the
write operation. We shall assume that the target block of a
write operation already exists in a data cache. This can be
ensured by first reading the target block before issuing the
write request to the data cache. After the data is written

into a target data block in a data cache, a store-behind
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Figure 4.2 Transaction flow for store-behind
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transaction containing the updated block is sent to the next

lower storage level. The store-behind transaction is ser-

viced by the memory request processor. The memory request
processor generates a update transaction and sends it to the
appropriate storage device module. The memory request pro-

cessor also sends an ack-store-behind transaction to the

higher storage level. The storage device module handles the

update transaction by replacing the corresponding child

block in the target parent block with the data in the

store-behind transaction. Another store-behind transaction

containing the updated parent block is created and sent to
the storage level controller to be forwarded to the next

lower storage level.

A store-behind transaction is sent to the next lower sto-

rage level in several standard size packets, each corres-

ponds to a store-behind-packet transaction. At a storage

level controller, these packets are assembled into the ori-

ginal store-behind transaction. The algorithms for sending

and assembling packets are very similar to those used for
the read-through operation and will not be repeated here.
The following describes the algorithms for supporting the

above transactions to realize the write operation.
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4.3.1 The store-behind Transaction

A store-behind transaction has the following format:

( store-behind, virtual-address,process-id,data,time-stamp)

This transaction is handled by a memory request processor

T —

using the following algorithm.

l. Search directory for store-behind.virtual-address.

2. 1If not found, hold the transaction and retry after 4
a time out, because the target parent block is A
still being assembled in the buffer. £

3. If found, compare store-behind.time-stamp with the

time-stamp of the corresponding child block of the
target parent block.

4. If store-behind.data is more current than the
child block, do:

i) Send ( update, virtual-address, data, real-
address, time-stamp-of-parent) to the appro-
priate storage device module.

o ii) Update the time-stamp of the child block
with store-behind.time~stamp.

iii) Send ( ack-store-behind, virtual-address,
process-id, ACK-code = 2) to the :mmediate
higher storage level. ACK-code indicates
the number of levels this transaction is to
be routed upwards.

5. If store-behind.data is not more current than data
in storage level, send two ( ack-store-behind,
virtual-address, process-id, ACK-code = 2) to the
immediate higher storage level.

6. End.
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4.3.2 The update Transaction

The update transaction is handled by a storage device module }
using the following algorithm. 1

l. Replace the appropriate child block in the target
parent block by update.data.

2. The updated target parent block is retrieved.
3. Send ( update-directory, virtual-address, SB-code

= 2) to the memory request processor to increment
SB-code of the target parent block by 2.

4. ( store-behind, virtual-address, process-
id,target-parent-block, time-stamp =
update.time-stamp-of-parent) is sent to the sto-

rage level controller to be sent to the next lower
- storge level.

5. End.

4.3.3 The ack-store-behind Transaction

This transaction is handled by a memory request proces-
sor. The algorithm used is as follows.

l. The SB-code of the corresponding block is decre-
mented by 1. :

2. The ack-store-behind.ACK-code is decremented by 1.

3. 1If ack-store-behind.ACK-code is greater than @ the
forward the ack-store-behind to the immediate
upper storage level.

4. End.

St




Section V §

MULTI-LEVEL INCLUSION PROPERTIES ‘

As a result of the read-through operation, the block
read-through into L(l) leaves its 'shadow' in every lower

storage level that participated in the read-~through opera-

tion. Is it true then, that a storage level, L(i), always
contains every data block in L(i-1)? When this is true,

multi-level inclusion (MLI) is said to hold.

It has been formally proVed in (Lam and Madnick, 1979b)
that certain algorithms incorporating the reéd-throuéh stra-
tegy can guarantee MLI provided that the relative sizes of
the storage levels be appropriately chosen. Furthermore, it
is found that certain other algorithms can never guarantee
MLI. This section explores the MLI properties of DSH-11. ]
In the following sections, the importahce of MLI is briefly 7
reviewed, a model of DSH-11 is developed, and the MLI pro- f

perty of DSH-11 is analyzed informally.

5.1 IMPORTANCE OF MLI

The MLI properties have important implications for the

performance and availability of DSH-~11l. First, since the
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block size of L(i) is larger than that of L(i-l1), L(i) can

be viewed as an extension of the spatial-locality (Madnick,
1973) of L(i-1). Second, except for the lowest storage
level, each data item has at least two copies in different
storage levels. Hence, even the failure of an entire sto-
rage level will not result in data loss. Third, algorithms
to support the write operation is simplified because of MLI
because a store-behind operation always finds the target

parent data block exists in a storage level.

5.2 A MODEL OF DSH-11

Figure 5.1 illustrates a model of DSH-11. DSH-11 has h
storage levels, L(1), L(2), ... , L(h). L(l1) consists of k
data caches. Each data cache consists of a buffer B(1l,i),
and a storage, M(l,i). All the buffers of the data caches
are collectively denoted as B(l), and all the storage of the
Jata caches are collectively denote§ as M(l). The size of
B(l,i) is b(l,i) number of blocks of size g(l). The size of
M(1l,i) is m(1,i) number of blocks of size g(l). Hence L(1)
has b(l) = b(1,1) + b(1,2) + ... + b(l,k) blocks of buffer
space and m(1l) = m(1,1) + m(1,2) + ... + m(1l,k) blocks of

storage space.

A buffer is for holding data blocks coming into or going

out of the storage level. A data block may be partially
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Figure 5.1 Model of DSH-11
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assembled in a buffer. Only data blocks in the storage
space are accounted for by the directory. Note that a buf-
fer is not used for holding transactions that do not contain

any data, e.g. an ack-store-behind transaction does not

occupy any buffer space.

A typical storage level, L(i), consists of a buffer B(i),
and a storage, ﬁ(i). The size of B(i) is b(i) number of
blocks each of size g(i). The size of M(i) is m(i) number
of blocks. each of size g(i). The block size of L(i) is
q(i), where g(i) = n(i-1)*q(i-1), for i = 2, 3, ... , h.

The n(i)'s are integers.

5.3 MLI PROPERTIES OF DSH-11

Based on the model in the previous section, the MLI con-
dition can be stated as follows: a data block, whole or
partially assembled, that is found in L(i) is also found in
L(i+l). This section shows that for DSH-11, (1) MLI holds
at all times, (2) it is always possible to find a block for
eviction to make room for an incoming block, and (3) an
overflow transaction from L(i) always finds its target par-

ent block in L(i+l).

Proposition

Using the algorithms described in the previous sections, if
m(i+l) is greater than m(i)+b(i) then
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2.

3.

Proof

MLI holds for L(i) and L(i+l), i.e., any block
found in L(i) can be found in L(i+l),

If block replacement in M(i+l) is required, there
is always a block not in L(i) that can be consid-
ered for overflow, and

An overflow transaction from L(i) always contains
the address of a block that can be found in
M(i+l).

of Proposition

There

1.

3.

are three cases:

There are no overflows from L(i): Since m(i+l) is
greater than m(i)+b(i), no overflow from L (i)
implies no overflow from L(i+l). Thus all blocks
present in L(i) are still in L(i+l), i.e., (1) is
true.

There are overflows from L(i), no overflow from
L(i+l): No overflow from L(i+l) implies that all
blocks referenced so far are still in L(i+l).
Thus any block in L(i) is still in L(i+l), i.e.,
(1) is true. Since any overflow from L(i) will
find the block still in L(i+l), (3) is true.

There are overflows from L(i+l): Consider the
first overflow from L(i+l). Just before the over-
flow, (1) is true. Also just before the overflow,
M(i+l) is full. M(i+l) is full and m(i+l) is
greater than m(i)+b(i) implies that there is at
least one block in M(i+l) that is not in L(i)
(i.e., their USC-code = 0). Choose from these
blocks the least recently referenced block such
that its SB-code = 8. 1If no such block exists,
wait, and retry later. Eventually the store-be-
hind process for these blocks will be terminated
and these blocks will be released. Thus a block
will be available for overflow from M(i+l). Thus
(2) is true. After the overflow, (1) is still
preserved. (1) and (2) implies (3).
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If next reference causes no overflow from L(i+l), then the
arguement in Case 2 applies. If the next reference causes

overflow from L(i+l), then the arguement in Case 3 applies.
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Section VI
SUMMARY

The DSH-11 design, a data storage hierarchy for the IMS
data base computer, is described. Algorithms for supporting
the read and write operations in DSH-11 are described in
detail. It is then shown that DSH-11 is able to guarantee
multi-level inclusion at all times for any reference string

- provided that the sizes of the buffers and storage at the

storage levels are chosen appropriately.

There are still many open research issues regarding the
performaqce, theoretic properties and practical implementa-
tion of DSH-11l. A key question to be addressed is how well
DSH-11 will perform. Performance evaluation of DSH-11 will
provide valuable insights for alternative structures and/or
alternative data movement alg&rithms. To formally study the
properties of DSH-11, formal descriptions of the algorithms
have to be developed. The use of Petri Nets for this pur-
pose may be appropriate due to the asynchronous and highly
parallel nature of these algorithms. When such formalisms
are developed, the MLI properties of DSH~11 can then be for-

mally proven. We have treated the various components (MRP,




SLC, etc.) as black boxes. Each of these components is

actually a multiprocessor complex. It is necessary to spe-
| cify the characteristics of the processor to be used as well
; as the interconnection structure. These research issues are

currently being investigated as part of the IMS project.
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