























































































































































































































Section 4.2  THE STORAGE MANAGEMENT SUBSYSTEM 69

BRING can specify any part of a space or all of it
(F=0, C=X). All other operations using the count field C
are limited to a maximum count equal to the page size in level
0 of the smallest implementation (perhaps 64 bytes.) This
means that a single operation can cross no more than one page
boundary. At the start of an operation a check is made that
one or two consecutive pages, as needed, are available before
the operation proceeds. Once a reading or writing operation
has started, it is allowed to complete without interruption.

4.2.4 Storage Responses

After requesting an operation the PU waits until data
transfer starts or one of these responses is given:

Completed Follows any data transfer and indicates suc-
cessful completion.

Delayed Indicates that the search must proceed to a slow,
‘ electromechanical and possibly manual, level of
the SMS. At the same time, the SMS issues an
automatic BRING command for the desired page.
(The PU may anticipate the need by issuing an
explicit BRING beforehand.)

Space Not When a BRING operation does not find the page

Found previously requested, a dummy page (status Void)
is inserted in the outer electronic level. When
the PU later tries to refer to that page, this
space-not-found response is given.

Error An uncorrectable error has occurred while accessing
the requested page.

When the delayed response is received, the PU may
abandon the search or hold its task in a queue. The task may
be reactivated after a set time interval elapses or when its
turn comes again in the task queue.

4.2.5 The Hierarchical Structure of Storage

The SMS levels are numbered 0,1,2,..- Level 0 is the
fastest storage device directly attached to the PU. For reasons
of speed the level 0 unit may be designed as an integral part
of its associated PU, with multiple PU's interconnected via
common buses between levels 0 and 1. To be specific, the descrip-
tion will assume multiple level 0 units and single units at
higher levels, but other configurations may be implemented that
are logically equivalent.
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Architecturally there is no limit on the number of
levels. That number, and the choice of capacity and speed at
each level, are based on cost and performance considerations
for a particular implementation. For a large time-sharing
system with data bank storage these factors clearly enter into
the choice:

1. The system must be open-ended. On-line data will
slowly grow, and the system would suddenly come to
a halt unless inactive data can smoothly, but not
irreversibly, migrate off line. Thus storage manage-
ment extends to shelf storage.

2. The off-line storage medium must be low in cost to
permit indefinite shelf storage. This virtually
dictates a flexible, tape-strip medium.

3. Inherently long access times at this level require
that active spaces be written at one time to keep them
physically together.

4, A large capacity disk store is required, both as
random-access buffer for the tape-strip level and as
a medium for page overflow from faster levels.
Scattering of pages for the same large space is un-
avoidable at this level. Removing disk packs, as
in present systems, becomes impractical and undesirable.

5. The disk level provides a necessary non-volatile back-up
for volatile electronic levels.

Each level communicates only with the next level above
and below. Data are transferred as pages of fixed size at each
level, but the page size need not be the same at every level.
The ratio of page sizes between adjacent levels should be a
non-negative integral power of 2, the actual size being an
implementation choice. A page in the level below becomes a
line of a page in the level above. All lines of a page belong
to the same space. Normally each space occupies at least one
page at any level, and the last page may not be full.

This apparent waste of capacity greatly simplifies
storage management. It makes practical the almost unlimited
expansion of a single space by adding active pages as needed
without disturbing other spaces. At the slowest levels,
however, it may be possible to pack and unpack data to gain
storage efficiency without substantial loss of performance.
Such modifications do not affect the overall design and will
not be discussed further.
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Each level has, in addition to one or more storage
devices, a separate directory storage. The directory
contains one entry for each page location at that level.

An entry consists of space number, page number, status, and
activity count.

The space and page numbers correspond to space number
and offset at the PU level, For a page size of 2I' bytes the
number of the page containing a given byte is derived from its
offset by dropping the low-order n bits.

The page status, at the completion of an operation, may be:

Unmodified -- this page has only been read, and a valid
copy also exists at a higher level,

Modified -~ this page has been stored into; a copy
exists at a higher level but is not
up-to-date.

New -- this page has not been moved to the next
level since it was created; thus no copy
exists at any higher level.

Shared -- See section 4.2.7

Vvoid -- A dummy page indicating page not-found (see
section 4.2.4); this page is not displaced
to other levels.

The activity count is incremented whenever a reference
is made to that page. This count is used to determine the
least-recently-used page when one must be displaced to the
next higher level.

The directory for a level is searched by space and
page number to find whether and where a given page is located.
A page can be at any location in a level. For greater speed
the directory at the fastest levels may be implemented in an
associative array. In slower levels a sequential search of a
conventional storage array may be sufficient.

Each level is equipped with the controls necessary to
implement the various inter-level operations, and with any
buffers and interlocks required to synchronize page transfers
and to prevent interference from simultaneous requests by the
other neighbor. The controls also take care of requirements
peculiar to each level, such as error detection, correction,
and recovery.
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4.2.6 Internal SMS Operations

The above listed commands from the PU and responses from
the SMS apply at the interface between a PU and its level 0.
Operations between storage levels are basically the same, except
that page and line numbers replace offsets, and only one page
is moved at a time (count=1l).

When a directory search of one level reveals that the
page desired is not in that level (level i), a search is initiated
in the next higher level (level i+l). First a location is freed
in level i to receive the page. The directory is searched for
the least-recently-used (LRU) page according to the activity
count.

A DELETE or DESTROY operation sets this count to zero,
so that deleted pages are used first. If no deleted page exists
but the LRU page has a status of Unmodified or Void, that page
location is used immediately since either a valid copy exists
in a higher-numbered level or none is needed. Otherwise the
LRU page must first be displaced by initiating a WRITE (if status
is Modified) or ADD (if New) command to level i+l. Because the
displacement operation may take time, the original request, coming
from level i-1, is queued to permit other operations for level i
to proceed. When the displacement to level i+l is completed,
the original request is resumed by issuing a READ request to level
i+l. This READ may trigger a similar chain of events in level
i+l, so it may be queued again to await completion. Interlocks
meanwhile block any subsequent requests from level i-1 for this
page, so that there will be no premature use of the incomplete
page and no additional search request for the same page.

If the pﬁge size in level i+l is greater than in level i
by a factor of 2™, the page number passed up from level i is
converted to a page number for searching the level i+l directory
(along with the space number) by dropping the low order k bits.,.
When the page in level i+l is found, these k bits form the line
number which determines the position of the level i page as a
line within the level i+l page.

The WRITE or ADD request resulting from a displacement
in level i triggers off a search in the level i+l directory.
If the operation is ADD and this is the first line of a page
(the low-order k bits are all zero), a new page is started in
level i+l at a location to be freed as before, If the ADD
operation refers to other than the first line, the line must
be stored into an existing page; likewise a WRITE implies
changing an existing page. The existing page must then be
found. If it is not in level i+1l, the same cycle of events
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described above is repeated to get the page from level i+2. a

Thus the most complex chain of events for level i, in
response to READ, WRITE, or ADD request from level i-1, con-
sists of: ,

1. Search directory i for page desired by i-1.

If not found, queue up request from i-1.
2. Search directory i for LRU page. Block the page.
3. If not free, queue up READ request for i+l.

Initiate displacement of LRU page by WRITE or
ADD request to i+l.

4, When displacement completes, send gueued READ
request to i+l.

5. When READ completes, finish i-1 request by
transferring the desired line. Unblock the page.

One or more of the steps in this sequence may be
skipped depending on conditions.

A DELETE operation is similar to READ in that the
desired page must first be located and the specified line trans-
ferred to the level below. If this is the first line of a page,
however, the directory entry is marked as deleted and a DELETE
request is passed to the next higher level. The chain of
DELETE requests ends when the line number is not zero (the lines
below being still Valid)or when the page found has the status
New- (there being no corresponding line at a higher level).

DESTROY simply causes all page entries for the specified
space to be deleted in every directory. (Other modes of
DESTROY may be found desirable, such as a DESTRUCT command
which also causes the storage pages to be overwritten for extra
security.)

A CREATE command by the PU initializes a page marked
New in level 0. CREATE does not appear at higher levels.
When a page so created must be displaced to level 1, an ADD
command is generated as with any other page marked New.

It may be noted that ADD or WRITE commands to one level
may trigger off a READ command for the same page to the next
higher level but not another ADD or WRITE for that page. ADD
or WRITE commands are always the result of a displacement action
for a different page. ADD or WRITE may be generated automatically
by a level when it is not otherwise busy and (1) the supply of
empty or inactive unmodified pages is low, so as to anticipate
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future needs for free pages, or (2) to create backup
copies of pages at higher levels for security. Such
automatic displacement action leaves the displaced pages
in Unmodified status at their old location.

As mentioned before, a PU ordinarily waits for its
level 0 to complete any request. Thus no other interlocks
are required between them. At higher levels, however,
multiple PU's may independently initiate requests for the
same page. Also a PU request for a page may come just after
a level has initiated an automatic displacement action for
that page. Hence the need for interlocking multiple page
requests at higher levels.

4.2.7 Interconnections for Multiple Processors

Each PU is connected directly to its own level 0
storage device and directory for transfer of operations, data,
and responses. There is no direct connection between PU's
for storage operations. At the interface to the rest of the
SMS all level 0 units and the common level 1 unit are inter-
connected via common directory and data buses and control lines.

The PU's operate simultaneously and independently of
each other unless they make reference to the same page. At
that point the hardware will provide temporary interlocks so
that the PU's in fact proceed sequentially. Logically the
result is the same as if all PU's were connected to a single
storage unit. The interlocks are transparent to the user.
(See also ASP Memo 067 for details.)

The previously stated rules for searching the levels
are modified somewhat for parallel PU operation. If a PU
requests a READ for a page not in its level 0, a search for
a copy of that page is initiated via the common bus in the
level 0 units of all the other PU's. If one is found, a copy
is sent to this level 0 and both directory entries are marked
in Shared status. Thus multiple copies can exist in different
level 0 units for simultaneous reading without further
interference.

When a PU requests a WRITE or ADD operation for a
Shared page in its level 0, a cancel request is broadcast to
all other level 0 units to delete all Shared copies of the
page before the page modification proceeds. A WRITE or ADD
for a page not in this level 0 causes a search in all other
level 0 units for a copy to be transferred, but all other
copies are cancelled. TIf there is no copy in level 0, the
request is directed to level 1. Thus for page modification
a given PU takes sole control over that page. Subsequent
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READ requests by another PU causes the modified page to
be written into level 1 so as to make shared copies
available to the level 0 requestors.

Level 1 and higher levels are not affected by the
sharing and do not need to "know" which PU, if any, has a
copy of a page. Shared status appears only in level 0.
(The possibility of multiple units at higher levels for
protection against failure is not being addressed here.)

The net effect of these interlocks is that there is no
restriction on simultaneous reading of the same page by
several PU's or on simultaneous operations on different pages
of the same or different spaces. Simultaneous writing of the
same page, when needed, suffers only the loss in time for
transferring the page from one unit to another. At any
instant a READ operation by any PU is always guaranteed to
give the most up-to-date version of the information.

4,2.8 Page Locking

To synchronize different tasks in the same PU
(multiprogramming) or in different PU's (Multiprocessing),
two further operations are provided in level 0 only:

LREAD S,F,C
UNLK

LREAD (Lock and Read) is similar to READ with the
following additional properties.

1. It seizes exclusive control of its page, as described
above for WRITE, by cancelling all other copies in
level 0 units.

2. It causes that page to be locked in its level 0 unit.
3. Interrupts for this PU are disabled while any page is
locked. :

Locking a page means that no other PU can gain access
to that page and that the page cannot be displaced. The PU
that locked it continues to have free access to that page.

If another PU requests the locked page, it must wait; it can-
not get the page from level 1 or proceed to another operation.
The locked page is that containing the offset specified by
LREAD. If the operation crosses page boundaries, the second
page is not locked. Additional pages could be locked by
separate LREAD operations, however.
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UNLK (Unlock) releases all locks for its level O,
enables interrupts for this PU, and allows other waiting
PU's to proceed. UNLK has no operands. Only one UNLK is
required to release all locks left by previous LREAD
operations. To prevent permanent system locking due to a
failure, locks are released also after an automatic time-out.

LREAD followed by WRITE allows the inspection and
setting of a task interlock bit or count (semaphore). If
the task being synchronized has to wait, it can be placed on
a task queue before giving UNLK to allow other PU's to test
the same task interlock. The control program providing this
synchronizing function must be carefully written to avoid
deadlocks and to reduce the lock time to a minimum. The
hardware merely enforces sequential operation and cannot
itself create deadlock situations. (See also ASP Memo 067.)

4.2.9 Lookaside

For extra speed a PPU may contain a logical-name array
that permits look-aside to minimize storage accesses on re-
peated reference to the same information. This array contains,
with each short-hand logical name, the physical address in
level 0 where the corresponding byte is currently located.

This physical address is then passed to level 0 instead of a
space-offset pair for a directory search.

Because it is closely tied to other PPU functions, this
lookaside feature is described in more detail in the PPU section.
Its function, however, is also tied closely to the level 0
portion of the hierarchy. The physical address is provided
by level 0 after the first search for the desired item, and
level 0 must cancel an entry whenever the corresponding page
is displaced. Thus there is no basic contradiction with the
principle that physical addresses in a hierarchy level are
"known" only to that level.

4., 210 Other SMS Functions

The SMS will be provided with thorough checking
facilities and, where practical, with automatic on-the-fly
error correction. Automatic restart after an uncorrectable
hardware failure probably requires some form of automatic
journaling device that records all changes since the last
checkpoint.
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To speed up purely sequential operation it may be TN
desirable to have a "sequential" modifier on READ or WRITE N
operations that would prompt the SMS to pre~fetch additional '
consecutive pages of the same space.

At the outer levels additional operations may be
needed to read and write complete spaces in a hlghly compressed
format under supervisory program control.
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4.3 The Program Processing Subsystem

The Program Processing Subsystem consists of one
or more Program Processing Units. These units communicate
only by use of the interrupt bus and shared storage.

The Program Processing Unit (PPU) of the AFS system
is the physical counterpart of the logical interpreter of
section 2.6. In this section, we discuss the structure of
the PPU, its relation to other subsystems, and the framework
of a large machine implementation.

4.3.1 An Overview of the PPU

The job of the PPU is the evaluation of a statement,
or an ordered list of symbols. These symbols may be built-in
operations, literals, or logical names. A built-in operator
produces as its result, an architecturally-defined function of
its arguments. A literal is a data unit which represents
itself (e.g., 5.3) and cannot be assigned a value. A logical
name may represent a value, or name a function. In order to
distinguish these two possibilities, the current attributes and
values of the referenced data element must be retrieved from
storage.

The PPU is also required to communicate with other sub-
systems by initiating and responding to "wake-up" signals or
interrupts.

4.3.2 Data Representation

The fundamental concept of data representation of the
system is that all data is self-defining. This implies that
attributes are associated with the data in storage. Any
reference to data implies an examination of the attribute set,
in order to determine if the requested operation is applicable,
whether implicit type conversion is required, whether the
operand is scalar or an array or structure requiring special
sequencing control.

The PPU supports a number of data types which are
detailed in Table 4.3.1. The principal separation is between

problem data and program control data. The attributes of a data

item define its value at any instant. On the other hand, any
assignment of a new value to the item requires the use of the
generic descriptor in the LDT (section 2.5). The generic

29

descriptor specifies what the value descriptor can be. The value

descriptor indicates what the value is.
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THE PROGRAM PROCESSING SUBSYSTEM

Length of
Applicable Scalar.. . ... Element in. ...Scale .- ...
Attributes Iype L Othex - oM LoByfes oo Faster. Yajue
binary real X n q \Y
decimal real X n q v
binary complex X - n q v
Problem decimal complex X n q v
Class bit string X n v
character string X n v
unassigned X n v
semaphore a n v
pointer X n v
offset X n v
Program label X n v
Control entry X n v
Class event X n v
task X n v
module n v
area n v
symbol table n v
reference table n v
system pointer n v
system offset n v
undescribed n v
Table

4.3.1 Primary Value Descriptor

An entry in a column indicates that the
choice is applicable
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If the data item is a scalar, its complete descriptor
appears in a two-byte field. For more structured data,
additional descriptive information is required including array/
structure, level within a structure, dimensionality and array
bounds or index set specifications. The exact formats for the
array and structure descriptors have not yet been determined.

Any or all of the attributes of non-scalar data may be
factored, or represented once for the entire data collection,
instead of with each individual element. For example, a numeric
array might be represented with all attributes but scale factor
and value factored into a common descriptor for the array.

Arithmetic data may be represented in any combination of
binary/decimal, and real/complex choices. Each arithmetic
item is associated with a precision, p, the number of digits
which appear in the quantity, and a scale factor, g, which
specifies the position of the radix point relative to the low-
order digit. A negative scale factor signifies that the radix
point is to the left of the low-order (right most) digit, a
positive scale factor to the right of an implied zero digit
to the right of the low-order digit.

String data is another variety of problem data. The
two forms of string data are bit string and character string.
Instead of precision, string data possesses a length attribute,
the number of characters or bits in the item.

Data of program control type is not directly used by the
programmers, except for certain assignment statements. Table 4.3.1
presents a list of the program control data types currently en-
visioned. We note that certain of these data types may appear
in structure or arrays.

The final aspect of the data descriptor is the value
of the object. The value is represented in storage by a string
of bytes of an appropriate length, but the interpretation of these
bytes is possible only by means of the descriptor. In most
instances, the complete Descriptor (including value) for a data
item will be found in a Reference Table, as discussed in section
2.5. If the item is too large to fit reasonably into the Refer-
ence Table or the number of bytes of storage required is expected
to change, the item will be assigned by the system to a newly
created space. The Reference Table entry will then be a System
Pointer to the space containing the actual item.
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//
4.3.3 Space and the Addressing Mechanism : Kw/

The virtual storage of the system is composed of spaces.
Each space contains a known number of bytes, m, which are
numbered from 0 through m~-1. Each space, as a whole, carries
its own length and descriptor information in its first four bytes.
The first three bytes contain a binary integer specifying the
number of bytes currently allocated to the space. The fourth
byte is used to tell what the type of the space is. Currently,
we recognize spaces for Link Tables, Declare Tables, Symbol
Tables, Reference Tables, and Undescribed. A space is called
undescribed whenever a system user logically knows a priori the
type of space which he is using. In other words, an undescribed
space means that " if you have to ask what type of space this is,
you shouldn't be here.”

Space descriptors, like data descriptors, are trans-
parent to the user. They are tested and manipulated only by
well-controlled system functions.

Each object in storage has a unique IID or internal
identifier, which consists of a 52 bit space number and a 24
bit byte offset within the particular space.

Seen from the PU storage is an access machine which s
responds to certain calls, including READ, WRITE, CREATE, N
DESTROY, ADD, and DELETE. The arguments for these calls consist )
of the IID mentioned above, and a value for WRITE. The hierarchy
responds with a completion message, and perhaps a value, as in
READ.

The logical mechanism required to convert between the
programmer's symbols and the IID representation has been discus-
sed in Section 2.3 and 2.6. That scheme requires a table ref-
erence to convert the LLT offset to a space-offset pair in a
Reference Table, followed by fetching the specified object.

If the actual data is located in the table, the search
is over, but otherwise, a pointer chain must be followed until
the data (or its spaceoffset identifier) is obtained.

Any request to storage is expected to employ a valid
space-offset pair, which means that the address mechanism must
read the extent field of any space, compare the extent to the
specified offset, and make the request only if the extent of
the space is not violated.
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4.3.4 System Addressability Considerations

In this section we discuss the physical embodiment
of the Activation Tree and Dynamic Storage control which
were described in Sections 2.3 and 2.4. The goal of the
discussion is to clarify the process of obtaining addressa-
bility to the various spaces which are referenced by a module.

We have previously seen that the LTCB provides identifica-
tion for four spaces associated with the task:

a) That branch of the Activation Tree associated
with this task.

b) The Interpreter currently assigned to this task.

c) The set of System Storage Anchors

d) The set of User Storage Anchors.

In turn, the Interpreter identifies the task's Execution
Stacks, the current Module (in the Program Tree), statement

number, and token within the statement.

4.3.4.1 The Call Stack

The Call Stack corresponds to that portion of the
Activation Tree associated with the given Logical Task. Thus,
the flow of control in the task is represented by this stack, and
the next unit of work for this task is indicated by the last
entry in this stack.

The essential information in the Call Stack consists
of a pointer to the current node of the Program Tree and the
offset in the calling block to which control is to be passed on
exit. The connectivity to the Program Tree provides indirect
access to the LLT, LST, LDT and Reference Table for the activation.

The Call Stack operates logically as a pushdown stack
or extensible space in storage. However, it is desirable to scan
successive entries without deleting them, so that attempts to
branch to no-longer-existing blocks can be effectively diagnosed.

4.3.4.2 The Execution Stacks

The Execution Stacks for a task consist of an Operator
Stack and an Operand Stack, required for executing prefix Polish
code. These stacks are spaces in storage, but are referenced so
frequently that special hardware is warranted for their top levels.
A further discussion of a proposed implementation will be found in
Section 4.3.7.
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TN
4.3.4.3 The Storage Anchor Registers (

The discussion in Section 2.4 treats the logical re-
guirements on the Storage Anchors in two phases, System
Storage Anchors and User Storage Anchors. We recall that
the System Storage Anchor contains the space number of a
Reference Table, and a User Storage Anchor, the space number
of a space containing one DAPOV.

The physical implementation of System Storage Anchors
consists of a set of 254 Storage Anchor Registers. We regard
this number of levels as infinite. Each such register contains
the space number and for checking purposes, current extent of
the corresponding Reference Table.

The User Storage Anchors are implemented by placing all
such, for the given task, in a space, whose identification is
placed in Storage Anchor Register 255. The Relative ID field of
the LLT selects a particular Storage Anchor (System Space Pointer)
from the designated space.

The Space referenced by a User Storage Anchor is con-
strained to contain at most one user DAPOV. However,
successive generations of a particular variable must be chained

- together, by a means transparent to the user. No explicit offset
to the user DAPOV is provided. N

Clearly, we must have enough Storage Anchor Registers
in high-speed hardware to permit high-speed operation. Several
possible implementations include:

a) Restricting the number of System Storage
Anchors to 14 or so, instead of 254, and
providing 14 actual registers.

b) Using a block storage method, where certain
sections of the complete table are automatically
swapped into a small buffer.

Option b is attractive, since references will probably
cluster about the current level, appear at the external level,
or invoke some User Storage Anchor with few references between.

High~-speed swapping between sets of Storage Anchors
and the SAR's will likely be required at task switch time.

Since the Call Stack points to a node of the Program
Tree, which is associated with a System Storage Anchor, any

‘Call Stack manipulation also involves Storage Anchor Register
modification.
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4.3.5 Computational Facilities

In this section, we discuss the computational require-
ments of the system, corresponding to E-boxX functions in
present-day PU's. These requirements are associated with the
problem data types of Table 4.2.1.

The first distinction is between arithmetic and string
data types. Arithmetic data types admit standard numerical
algorithms (e.g., add, multiply, exponentiation, arctan) as
operators. String data permits such operators as concatenate,
compare for equality, substring searches, and for bit string,
bit-by-bit logical connectives.

As indicated earlier in Section 4.3.2, storage is
byte-oriented, and arithmetic data is not necessarily aligned on
"word boundaries", and is of variable length. It is a system
requirement that the PPU provide both decimal and binary (or
hexadecimal) arithmetic, at equivalent speeds. We anticipate that
decimal will be the preferred radix, but emulation of S/360-370 will
require floating hexadecimal as well.

In the native mode of the system, a fixed point operand,
because of its scale factor, is truly that. In fact, the only
distinction between fixed point and floating point quantities occurs
in assignment, when the generic descriptor indicates whether the
scale factor may be changed. 1In this interpretation, all numeric
computation may be considered internally to be floating point.

String operations appear to cause no new problems for
a byte-wide VFL unit. If found desirable, many such operators
could admit multiple-byte-wide processors.

The system logical language is prefix Polish. In order
to execute this code, the hardware requires an operator stack and
an operand stack. As the code is scanned sequentially, each
operator token is placed on the operator stack, together with a
count field which specifies the number of arguments which the
operator requires. When an operand (literal or variable) is
encountered during the scan, the value of the operand is placed
in the operand stack, and the argument count field of the top
operator in the operator stack is decreased by 1.

When this count is zero, the operator may be scheduled
for execution. The schedulinc means that the operator and
its operands may be sent to an appropriate execution unit for the
required processing, provided that the unit is available. At
the completion of the operation, all operands participating are
pushed off the top of the stack and lost. The result and its
descriptor are placed in the operand stack and the operator stack
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is popped up, exposing a new top operator. We then decrement \“/;

and test the argument count field for this operator. If at
some stage, the decreased operator count is not zero, the code
scan resumes. Otherwise, we return to the scheduling step.

This description of the prefix Polish stack algorithm
assumes that operators and operands are distinguishable. In
order to achieve this property, the execution-time attributes
of symbols must be examined. The logical architecture provides
a code initialization function, capable of translating the
logical language into appropriate execution time code.

The physical hardware language, "under the covers", is not
yet defined. The definition will be transparent to the user of
the system.

The rich operator set of the logical architecture makes
the use of microprogramming attractive. 1In particular, the
use of pageable microprograms, as presented by McGovern, Moore,
Willoughby and Kurtz of Department B05, IBM SDD Poughkeepsie,
appears to provide a mechanism by which a small, fast control
store may perform like a large, fast one.

4.3.6 Lookaside

In attempting to implement this architecture, the

system designer is forced to consider the cost/performance ~

implications of its features.

The most important consideration is that of shortening
the time between an operand request via the LLT and the return
of the actual DAPOV. The proposed method is to provide an
associative lookaside memory in parallel with the directory for
the level 0 cache. Figure 4.3.1 sketches a cache, with the
lookaside memory in the dashed block in the upper right corner.

In this discussion we denote a collection of pointers to
the current Module, its LLT, LDT and LST as System Bases.
Physically, the System Bases are found in the System Base Registers,
a portion of the Storage Anchor Register Array.

Without lookaside, the typical Logical Name search
begins with the LLT space number (from the System Bases portion
of the array containing the SAR's), and the LLT offset (i.e.,
Logical Name) from the program used as an index to the cache
directory memory. If the search is successful, the physical
address of the LLT entry in the cache is read out, and used, in
the cache address register, to read out the LLT entry. This
entry consists of a storage anchor name and relative offset.
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This information, on the cache data out bus, is used to

select a Storage Anchor Register and its appropriate offset.
Another directory search is made, and, if successful, the
physical address of a DAPOV is placed in the cache address
register. The resulting cache read operation produces the long-
awaited DAPOV. If this DAPOV is itself a pointer, and a value

is required, we may repeat the loop, except that the Storage
Anchor lookup is bypassed.

The use of the lookaside memory permits us to eliminate {
at least one pass through the cache. 1In this mode of operation,
the lookaside memory and cache directory memory are searched
concurrently. If the lookaside memory finds the physical address
of the DAPOV, that address is used immediately as the cache
address. This produces the desired output in one cache cycle,
not two. More than one cycle will be saved whenever a multi-
level pointer chain is referenced.

When the lookaside search fails, the direct LLT readout
is performed as described above. When the physical address
of the desired DAPOV is generated, it is inserted into the lookaside
memory and associated with the Logical Name from which it was
derived. Subsequent references to this name will be found in the
lookaside, until the entry is invalidated.

In mapping a large index set into a small memory, a
replacement algorithm is required for determining the entry
to be removed when we desire to place a new entry into a pre-=
viously full memory. This problem occurs both in the cache and
in the lookaside memory. The actual organizations and replacement
algorithms in these two cases are implementer's choice.

The two cache data busses present or accept left-aligned
data. The Write and Read Data Aligners are used to convert
between the wide, fixed width cache word and the variable width,
variable initial byte usage of logical storage.

Implementers may choose to combine the two cache data
registers, data aligners, or data busses.

4.3.7 A Possible PPU Implementation

In this section we discuss a possible high-performance
implementation of the PPU architecture. This is diagrammed in
Figure 4.3.2.
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4.3.7.1 Level 0 and the Data Bus

In the Level 0 Unit box, we assume the structure shown
in Figure 4.3.1, except that a single bi-directional data bus
is shown here. Communication with storage level 1 is achieved
by the level 1 address/command bus and data bus.

The Read-Write Control box coordinates all activities
at level 0. These include priority determination, block re-
placement management and level 1 communication. This box also
controls the byte aligners, described in Section 4.3.6. It is
further responsible for providing multi-level pointer-following
lookups, such as occur when lookaside fails, or when data values
are not found in a DAPOV of an RT.

The bi-directional data bus is eight bytes wide. Normal
usage calls for level 0 to code buffer, value stack or storage
data register transfers, and for storage data register, value
stack, and new top bus to level 0. There should be provision
for bi-directional block transfer between the operator, value
stacks and level 0. A path is also shown for placing a literal

from the code buffer onto the bus, for transmission to the value
stack.

4.3.7.2 I-Box Function

The customary I-box functions of fetching and examining,
instructions is carried out using the code buffer, ICTR and
token select and decode boxes. The ICTR provides the offset
for code in the code buffer, and for fetching new segments. The
token select and decode unit examines the byte pointed to in
the buffer by the ICTR, and selects an appropriate action. If
a value corresponding to a Logical Name is required, the Logical
Name is sent to read control with the wvalue stack as its
destination address. An operator byte is placed in the operator
stack. A literal field causes the entire literal to be placed
on the data bus for immediate transmission to the value stack.

A Logical Name whose value is not required, as in the target of
an assignment, will be placed in the value stack, like a literal.

4.3.7.3 Operator Execution

The theory of Polish stack manipulation was detailed in
Section 4.3.5. When the topmost element in the operator stack
has found all its operands in the value stack, the operator is
sent to the op decoder for classification, and assignment to the
appropriate executer.
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Although the values placed in the value stack are
inherently of variable length in bytes, these sizes will be
rounded upward to the next multiple of eight bytes. This
creates a minor problem in matching data descriptors with
their variable length values for easy access in the value stack.

" This philosophy also presents a problem in eliminating
"noise bytes" transmitted from level 0, before they actually
participate in a computation.

We may point out here that the value stack represents
a portion of the Operand Stack of each task.

A statement control op will change the ICTR, and probably
cause a code buffer refill.

A CALL/ATTACH/RETURN operation will not only affect the
ICTR, but will cause the appropriate protocols from Section 2.6
to be obeyed. These will in general involve the storage anchors and
system base registers. These registers are shown in an array in
Figure 4.3.1, and controlled by the box labeled storage anchor and
system base register control, in Figure 4.3.2.

Assignments will be performed using the Logical Name to
reference the LDT entry for the destination, to validate the
descriptor information or invoke a conversion. For certain types
of assignments, some or all of the storage anchor registers will
be copied into storage.

For a scalar computational operation, the op and three
indices to the value stack will be placed in the E-stack. The
E-scheduler controls the issuing of E-stack groups to the ap-
propriate E-ynit.

. Array computational operations, distinguished by the data
descriptors in the value stack, are routed to an array control unit.
This unit converts array ops into an appropriate loop of scalar ops,
executed from the E~stack. Since arrays will not appear in
the value stack, array control must provide the ability to
reference storage.

4.3.7.4 Work to Be Done

Needless to say, much work must be done to provide a
good system design. We briefly mention some points of interest
here.

The data bus philosophy may be overloaded, and prove to

be a performance bottleneck. If the literal-to-value-stack
path is implemented by a private path, will performance be improved?
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There appears to be a possible usage conflict on the oy
busses between the value stack and the several E-units. Al- ~—
though the implicit logical addressing of elements of the value
stack is clean, it requires more analysis to detect opportunities
for parallel execution.

It is likely that the cache design can be made
sensitive to page boundary crossovers. By this, we mean that
consecutive references to the same page of level 0 will not
employ the directory lookup mechanisms.

Any instance of a local copy of an item in storage
means that a mechanism must be provided to invalidate the

copy when the original is changed. There remains much room for
invention in this field.

The number and functions of the E-units have not been
established. A possible choice might be an adder, a multiplier-
divider, and a string processing unit.

4.3.8 Interrupts

In any system, there occur interrupts, which might be
defined as occurrences which either are asynchronous (anticipated
but whose time of occurrence cannot be correlated with the
processor activity), or synchronous (an unanticipated but pre- I
pared-for event which can be associated with processor activity). '

In the normal case, the PPU will handle asynchronous
interrupts in a manner transparent to the user. If a process
must be halted, the appropriate status information will be
dumped into storage, and, at the proper time, reloaded and
execution resumed.

An asynchronous interrupt request is passed to the PPU's
of a system on a bus which chains through all PPU's. The
information on this bus consists of a priority number and a
queue indicator. If the nth PPU in the chain is currently
working on a task of higher priority than that of the interrupt,
he passes the request to PPU n + 1. If the request is of higher

priority than the current task, this PPU accepts the request
and does not pass it on.

Each such request will be associated with a time interval,
by the end of which service must be begun. The PPU will attempt
to process to a statement boundary before the end of the specified
interval. If no boundary was reached, the PPU drops the current
task and takes the top unit of work on the indicated queue as
its next task.
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‘4.4.1 Introduction

In this section we discuss the structure of the
Source-Sink Subsystem (SSS), its relation to other sub-
systems, and its functions. The SSS provides the link for
communication between source-sink devices and storage. One
or more Source-Sink Processing Units (SSPU) are the heart of
the SSS. These processing units are similar to the PPU's in
the Program Processing Subsystem, except that the SSPU's do
not have floating point capability and they are specialized to
handle physical Input/Output.

A set of control lines exists between the SSS and the
PPS to allow for "wake up" type of signals to be passed either
way when an interrupt is called for. Data Objects and Modules
do not pass between the SSS and PPS.

Local and remote source-sink devices are both handled
by the SSPU in such a way that the local or remote character
of the device is transparent to the rest of the system. The
source-sink device classes include, card readers and punches,
printers, terminals, displays, other systems, special I/0
equipment, and tape units and disk drives that are not included
in the Storage Management Subsystem.

4.4.2 Source-Sink Subsystem Structure

The Source-Sink Subsystem structure allows communication
between a source-sink device and the logical source-sink Task.
The functions that must be accomplished in order to allow this
communication to take place may be separated as shown in Figures
4.4.1 and 4.4.2. Figure 4.4.1 depicts the functional layers
required for communication between a logical source-sink Task
and a source-sink device without its own processing unit.

Figure 4.4.2 depicts the functional layers required for com-
munication between a logical source-sink Task and an intelligent
source-sink device.

The logical source-sink Task is assigned as a physical
fask by the Logical Machine Supervisor. The Symbolic Name of
the source-sink device is known in the Ownership Tree and a table
of connectivity in the Task Control Block yields the named
destination to the SSPU.

The Function Manager allows the application program to
be independent of the source-sink device with which it is
communicating. It will map a particular function (such as print)
to a particular device (such as a display unit).
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The Source-Sink Device Manager defines information
that is unique to a particular device. The device commands
and control characters are inserted in the data stream by the
Device Manager. The Device Manager separates local messages
from remote messages.

The Network Manager selects the communication path and
controls the network interaction for the system.

The Line Control establishes the connection to a given
path, notifies the Network Manager that the connection has
been made, brackets the formatted data with control characters
and transmits them over the line.

At the other end of the line, the Network Controller,
when it recognizes its own address, strips off the line control
characters and passes the message on to the source-sink device
under control of the device's control unit.

If the source-sink device is another system (as in
Figure 4.4.2), the message is passed to that system's SSPU and

processed. This function is described in Sections 4.4.3 and 4.4.4.
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4.4.3 SSS Interrupts

Interrupts to the SSS may come from two sources,
from the PPS or from source-sink devices. The subject of
this section is the various causes of these interrupts.

The only communication that takes place between the
PPS and SSS is in the form of "wake -up" signals which contain
priority class, PU class, and queue designation information.
These signals are passed to all PU's (SSPU's and PPU's) of a
system on a line bundle which chains through all PU's. The
PPS will signal the SSS whenever an output Task has been
placed in the appropriate queue for the SSS.

Interrupts from source-sink devices to the SSS occur
for the following reasons:

Incoming message with priority class

"Attention" signal to interrupt execution
of current task

Sign-on/Sign-off

Disconnect

Error detection on input

Error detection on output

The action of the SSS in response to these interrupts
is discussed in Section 4.4.4 in conjunction with a possible
implementation of the SSS.

4.4.4 SSS Functions and Implementation

The SSPU's of the SSS function in a manner very similar
to the operation of the PU's of the PPS. 1In particular, with
the exception of the floating point arithmetic capability, the
description of the PU in Section 4.3 along with Figures 4.3.1
and 4.3.2 apply as\%ell to SSPU design and operation.

The functions of the SSPU in addition to program
execution required of all PU's, include line and network control,
control of the "wake up" signals passing between the SSS and PPS,
appropriate response to source-sink device interrupts, and main-
tenance of the system clock. Reference to Figure 4.4.3 will help
the reader to visualize the operations taking place in the fol-
lowing discussion.
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4.4.4.1 Line and Network Control

The line control function is contained within a
special piece of hardware called the Transmission Control
Unit (TCU). Each TCU has its own buffer which is of sufficent
size to contain one block of transmitted data received from
each active source-sink device that it services. The TCU's
may each be personalized by means of a programmable control
for specific source-sink device classes. One or more TCU's
exist for local source-sink devices not requiring transmission
line control characters.

The TCU buffers incoming data; monitors the source-
sink devices for requests for service, "message received"
acknowledgements, and error responses; and makes connection to
target devices for output transmission. Output data is trans-
mitted directly through the TCU without buffering in the TCU
since the data is already buffered in the CACHE. The TCU
brackets outgoing message blocks with the appropriate line
control characters. On input, a source-sink device requesting
service simply puts its input message on the line, and the TCU
buffers the input message. In order for further input trans-
mission from that particular source-sink device to be allowed,
the input message must first be analyzed under control of the
Logical Machine for which the message is destined, and the
appropriate response returned via the SSS.

Network control is the function of the SSPU.
Output addresses are appended to output message blocks by
the SSPU. The device's address is contained in the header of
both input and output message blocks. When one or more input
message blocks, buffered in the TCU, are waiting for service
from the SSPU, a signal is sent by the TCU to set the Service
Request register of the SSPU. When the SSPU completes an Output
Task, it will next check to see if the Service Request register
is set. If it is, it will poll the TCU's, take in the waiting
input messages by buffering them in its CACHE, look in the appro-
priate Task queue in storage, and go to work on the Tasks to be
accomplished. If Service Request is not set, the SSPU will go
straight to the Task queue to look for work. If the storage
Task queue is empty, the SSPU will continue to monitor the
Service Request register, and poll the TCU's whenever this
register is set, until the SSPU receives an interrupt from the
PPS indicating that a Task has been placed in the queue.
This scheme is consistent with the requirement to handle
priority output messages, since a priority interrupt from the
PPS can cause the SSPU to switch Tasks (e.g., to stop polling
and look in the storage queue).

4.4.4.2 The Interrupt Control Unit

The Interrupt Control Unit of the SSS is a special
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piece of hardware that services all PU's. It effectively
controls the line bundle (Interrupt Control Bus) chained
through all PU's. A PU that has put a Task in a particular
queue puts on the ICB a signal containing the priority class
of the Task and the PU class for the type of PU required to
service the Task. The designation of the queue in which the ‘
Task may be found is implied by the PU class. These signals will r
chain themselves around the loop and cause the first PU in the
chain (of the appropriate class), which is executing a lower
priority Task (or is idle) to cleanly interrupt the lower priority
Task, put that incomplete lower priority Task in a Task queue, |
issue an interrupt on the ICB, and switch to the higher priority ‘
Task. If an interrupt is issued for a Task which has a priority

lower than any Task being executed, the interrupt will disappear

at the end of the chain (the signal propagates past all PU's in

a loop up to, but not including, the PU that issued the interrupt).

Such a case implies that all PU's of the appropriate class were

busy. When one of them completes its present Task, it will
automatically look in the appropriate Task queues.

4.4.4.3 Special Character Generation and Recognition

A writeable Control Store exists as part of the SSS
to provide a means of generating and recognizing special net-
work control characters. On output the appropriate characters
are added to an outgoing message under control of the executing
code. The input data bus which takes data from the TCU into
the CACHE is monitored by the character recognition WCS for
special characters such as "Attention", "Sign-on", "Sign-off",
"Device Termination", etc.

4.4.4.4 The System Clock

The System Clock resides in the SSS. Its function
is to measure real time and provide the time to the rest of the
system when requested. In performance of this function, the
Clock may be considered as a highly specialized PU. It is
connected to the Interrupt Control Bus and to Level 1 of
storage. There are three kinds of Tasks the System Clock may
be asked to perform by a PU. These are to give the time of day,
to provide an interrupt after a specific time interval, or to
provide an interrupt at a particular time of day. To help
accomplish these Tasks, the System Clock has a pair of registers
and utilizes storage to enqueue the required times of interrupt.
When a PU needs service from the System Clock, the PU puts the
Task in the appropriate queue and sends a "wake-up" signal on
the Interrupt Control Bus consisting of Priority and PU Class
(in this case CLOCK). The System Clock, when it processes
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the Task will either put the time in the appropriate Task
queue for the requesting PU and signal on the ICB, or it

will calculate the time at which interrupt is desired by that
Task and place it in a storage queue. The pair of registers
will always contain the time of the next interrupt with its
associated Task. The Clock will continually monitor the
interrupt storage queue to ensure that a Clock register always
contains the next timed interrupt to be given to a PU. The
interrupt to the PU will be given when the time of day is co-
incident with the time placed in the register. The interrupt
is given by putting the time of day, along with the Task for
which the interrupt is intended, in the Task queue and sending
Priority and PU Class on the ICB. Any PU of that class that
is expecting an interrupt may look in the Task queue to deter-
mine if that interrupt applies to it.

4.4.4.5 Responses of the SSS to Interrupts from
Source-Sink Devices

Incoming message interrupts have been discussed
throughout the preceding paragraphs in the context of SSS
Functions and Implementation. Some special handling is required,
however, for certain interrupts such as Attention, Sign-on/
Sign-off, Disconnect, and Error Detection.

Attention - Attention is sent as an input message
from a source-sink device to abnormally terminate a Task being
executed. The Task to be terminated may be an output Task on
an SSPU or a problem Task on a PPU. The SSS will handle this
message as an ordinary input message, place the "Attention"
Task in a Task gueue and place a "wake-up" signal on the Inter-
rupt Control Bus. The "Attention" message must have a Task
ID appended to it by the SSPU since it knows which source-sink
device is requesting the action. Thus, the PPU that takes on
the Task will know which PU to terminate. A Task is also
initiated by the LMS to unlock the input device.

Sign-on/Sign-off - These messages also are handled as
ordinary input messages as far as queuing and interrupt control
is concerned. However, since there may be more devices on
a TCU than input buffers, the TCU must decrement or increment
its available buffers for each device that signs on or off so
that it may refuse to sign on more than it can handle. Also,
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an SSPU must process this Task to establish or drop con-
nectivity to this device through the TCB and the Ownership
Tree. Another physical Task established as a result of this
message is the sending of the appropriate sign-on or sign-
off output message to the device if one is required. A PPU
will be assigned the Task of accounting for the total pro-
cessing time and connected time used by the device.

Disconnect - A source-sink device that abnormally
disconnects must indicate this to the TCU by dropping its
line. The TCU automatically loads the appropriate buffer 1
with a disconnect message containing normal header informa-
tion (address of device). The SSS acts on this as with a
sign-off and an Attention (of course no output message is
sent), however the Logical Machine involved must be stored
"as is" for future activation.

Error Detection - An interrupt, received by the SSS
as the result of an error message from a source-sink device
because of an incorrect output received by the device, is
buffered in the usual way in the TCU. When passed to the
SSPU, the Output Error character is immediately detected by
the Special Character Recognition WCS, and the TCU is notified.
Since the TCU receives an error message from a source-sink

- device in place of the expected acknowledgment, it initiates

a retransmission of the erroneous last message block which has
been retained in the SSPU CACHE. Output message blocks are
retained in the CACHE for TCU transmission. The TCU clears

the message block from the CACHE when acknowledgement of receipt
is returned from the source-sink device to the TCU. A mechanism
is needed to stop retransmissions and provide notification to
the system operator, after a set number of retransmissions of

a particular message block to a particular device.

Input messages are checked for errors by the TCU in
two sections. The header containing the address is checked
independently from the message body. In this way, an input
error that is detected in the input message body will initiate
an automatic "resend" signal from the TCU to the source-sink
device that had sent that message. Obviously, an error in
the input header (address) cannot initiate any system re-
sponse as the sending device is unkown. Therefore unattended
devices of a certain class should be buffered and should auto-
matically resend after a suitable time out to allow for this
situation. Attended devices will require operator interven-
tion (e.g., Attention) should an input address error occur.
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4.4.4.6 Other Hardware

Crosspoint switching of TCU's with SSPU's is required
to provide system availability should an SSPU go down. The
implementation of this feature will have an impact on per-
formance if the switching is to be dynamic (under system
control). If the TCU's (and possibly devices) are manually
switched when required, implementation complexity diminishes
considerably. ‘

Disk drives and tape units that are part of the Storage
Management Subsystem are not source-sink devices. It may be
required at times (e.g., for use in emulation mode) to logic-
ally switch some of these devices out of the Storage Manage-
ment Subsystem into the Source-Sink Subsystem as source-sink
devices. This may only be done if the data on these devices
are moved to another physical location in the SMS under con-
trol of the Physical Control Program, thus freeing these
device for the SSS. Only devices may be switched in this way
from the SMS to the SSS; data may not. Data may be transferred
from the SMS to a source-sink device (or vice versa) only by
going through the SSS and the associated protocols.

4.4.4.7 The "Physical" SSS

In the above discussion, various elements, such as the
TCU, CLOCK, etc., were shown as independent boxes. While this
physical independence may be true in a large system, it is also
possible to treat these elements as logically separate but
physically contained within one PU as may be the case in a small
system. The ideas expressed throughout Section 4.4 should
therefore be construed as an architectural definition rather
than a truly physical one.
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CHAPTER 5

MODELING

5.1 Description of Models

Two types of models are being used in the development
of AFS. The first type, termed a Logical Model, is designed
to simulate the logic of the system, with implementation con-
siderations being minimized to as great a degree as possible, whereas
the second type, termed a Timing Model, is designed to measure the
performance of a specific implementation. Both hardware and soft-
ware aspects of the architecture and design are being simulated.
Execution of the Logical Model may be thought of as actually
logically executing a program on a complete, but simple (sequen-
tially processed, non-multiprogramming, non-multiprocessing) AFS
machine with an infinitely large one-level storage. Output from
the Logical Model includes not only the calculated answers of the
source language program, but also a trace of the sequence of
operations performed by the executing program and the storage ad-
dresses referenced. This trace is used as input to the Timing
Model which measures the timing of a PPU and storage hierarchy
complex with specific emphasis on implementation considerations.
An introduction to these models is contained in ASP Memo 014.

5.1.1 The Logical Model

This section will describe the existing Logical Model
(version 1), which embodies a great number of the concepts detailed
in the earlier sections of this manual. A second version of the
model, which will extend the current capabilities, is discussed in
Section 5.4. The Logical Model, written in APL, currently accepts
source language programs within a PL/I subset entered interactively.
The subset selected for this initial implementation handles many
of the complex addressing problems, but only provides scalar
integers for computation purposes. The PL/I translator portion
of the model produces a Module for each procedure entered and
catalogs this Module in the system library. The Connector can then
establish this procedure in the user's Logical Machine by duplica-
ting those parts of the Module that are not read-only, and building
the forward and back pointers that specify the PL/I static nesting
structure. The Interpreter can then be called upon to interpre-
tively execute the code, using actual data values such that
branches and other operators behave as the programmer intended.

The Interpreter will call upon the Linker to resolve the

Symbolic Names within the existing environment. The Interpreter
handles expression evaluation, based on data descriptors, as well
as calls, returns and other scope changing operations. The In-
terpreter also utilizes the storage operations: READ, WRITE,
CREATE, DESTROY, ADD, and DELETE. Explicit details for the Model
are contained in ASP memos 046 and 047.
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5.1.2 The Timing Model d

\\\//

The Timing Model is designed to measure the per-
formance expected for a specific implementation of the
architecture contained in this manual. Initially the
model has been parameterized with timings comparable to the
Model 85. It is anticipated that other similar models will
be required for implementations satisfying other general
price/performance markets, especially in the portions of the
model which simulate the PU activity.

The Timing Model, written in APL, includes a storage
hierarchy model and a very simple representation of PPU
timing. The model is driven from trace output of the Logical
Model. The N-level storage hierarchy portion of the model
simulates reading or writing data, adding or deleting pages,
and creating or destroying spaces. The simulated directories
and storage devices operate asynchronously. The model includes
the logic of moving space and page numbers through the direc-
tories of the hierarchy, as well as measuring the time required to
do it.

Information is transmitted as words or multiples of
words called pages. Word size is fixed throughout the system.
Page size increases by integral factors (normally powers of
2) from level to level. A page is divided into lines, a line FUN
at one level being equal in size to a page in the preceding
level. At level 0 a line is a single word. Pages are moved
only between adjacent levels, local buffering being pro-
vided as necessary. Hierarchy traffic is not routed through
the PPU memory. Level 0 contains a Lookaside Memory an
associative search feature on Logical Names to bypass, if
possible, one or more intermediate look-ups on repeated ref-
erences to the same item.
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The PPU is represented simply by a table of
operation times comparable to the Model 85 for each
operation code. Multiple PPU's, each with its own trace
input, can be set up. Each PPU has its own level 0 memory.
All PPU's currently use the same operation times (although
this could easily be changed). Levels 1 on up are common
to all PPU's. No provision has been made for logical
interlocks required in multiprocessing. The model merely
ensures that each gets back its own requests.

The Timing Model is documented in ASP 015 and 059
and timing assumptions are in a memo to file by W. Buchholz
dated 10/21/70, "OLYMPUS Model Timing and Assumptions".

5.2 Model Usage Results

5.2.1 Logical Cases

This section contains several examples of programs
that have been run on the Logical Model, and in one case,
the 0S 360 PL/I F equivalent. These cases have been
included to demonstrate:

- The mechanisms that have been defined are capable
of accommodating complex addressing problems.

- The advantage of the use of descriptors‘in
catching errors.

- The rudiments of diagnostics

The Logical Model cases shown below begin with a
"START 2" machine as it had been left at the conclusion of
the previous run. The DISPLAY command prints the originally
entered source text. Typing the name of a procedure causes
execution of that procedure (connection into the user's
workspace has been previously accomplished by a COPY command) .
Output is obtained by assigning to a dummy variable, 0.
The line of output contains a descriptor and a value, where
a descriptor equal to 16 denotes an integer variable, and
equal to 24 denotes an integer constant.
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Case l: Computation with Described Data

Execution of this program with the Logical Model
yields the expected results whereas the 0S5/360 PL/I F version
of the program runs, but yields erroneous results, since PL/I
does not have the advantage of descriptors. Later versions of

Logical Model

START 2
<TYPE COMMAND>
1DISPLAY TEST
<0>TRST:PROC
<1>{]=8
<2>CALL B(8)
<3>END
<TYPI COMMAND>
IDISPLAY B
<0>B:PROC(X)
<1>DCL Y INTEGER AUTOMATIC
<2>Y=X
<3>{]=Y
<u>FEND
<TYPE COMMAND>
TEST
24 8
16 8
<TYPL COMMAND>
JOFF
<OFF>

PL/I may be better able to accommodate this problem.

0Ss/360 PL/I F

TEST :PRGC CFTICNS{MAIN)

cALL B ( &)

B:PROCI{X) 3 _
CCL (XsY) FIXED EINARY (31,0)3
Y=X3
PUT SKIP DATA(Y);
RETULRNS
END B3

ENC TEST

Y= - 1945475136+

Case 1

Case 2: GO TO Label Variable

This program, M, calls itself recursively to create six
activations. In the second activation, line 7 causes a label
variable to be established in the then current environment and the
current automatic variable, A, to be set to 9. Line 8 causes

multiple recursions until the sixth activation. Then line 9 results
in a GO TO to the environment existing at the time the label variable

was established, with multiple RETURN's implied. The routine con-
cludes by printing the value of the automatic variable, A, that in
any other activation would have been equal to 1.
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START 2
<TYPE COMMAND>
IDISPLAY M
<0>M:PROC
<1>DCL S5 STATIC
<2>DCL A INTEGER
'<3>DCL LBL LABEL
<u>[]=4
<5>5=5+1
<6>[]=5

MODEL USAGE RESULTS

INTERNAL INIT(O)
INTIT(1)
STATIC INTERNAL

<7>IF 5=2 THEN GOTO SFTLBL
<8>IF 5<5 THEN GOTO RECURS

<9>GO0TO LBIL
<10>SFETLBL :[0=555
<11>LBL=LO
<12>A=9

<13>G0T0 RECURS
<14>RECURS:[]=666
<15>CALIL M

<16>RETURNK
<17>L0:(]=00
<18>(]=4
<19>[}=5
<20>RETURN
<21>FEND
<TYPE COMMAND>
M

16 1

16 1

24 666

16 1

16 2

24 555

24 66

16 1

16 3

24 666

16 1

16 4

24 666

16 1

16 5

24 666

16 1

16 6

24 0

16 9

16 6
<TYPE COMMAND>
1OFF

<QFF>

Activation
Chain

M

Case 2
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Case 3: GO TO Label Variable - Erroneous Case

In this case, an erroneous GO TO is caught by the
Logical Model, with a diagnostic. The activation chain as
execution proceeds is shown below (the numbers denote the
sequence of calls and returns). The first activation of SUB
sets a label variable to a label constant in the then current
environment. After returning to MAIN, a second activation of
SUB attempts to branch to that label variable, but the environ-
ment, consisting of the first activation of MAIN and the first
activation of SUB, no longer exists, resulting in a user
diagnostic. Diagnostics in the Logical Model currently utilize
a syntactic APL error to stop execution. Although not printed
for the user in this version of the model, complete information

exists which can advise the user of the current line number,
environment, etc.

MAIN

TEE 31

Set LBL = LO SURB SUB GO TO LBL
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SUB«<10> -

SUB <8> -

START 2
<TYPE COMMAID>
IDISPLAY MAIN
<Q>MATIll:PROC
<1>[j=1111
<2>CALL SUB
<3>[]=1112
<u>CAILIL SUR
<5>[]=1113
<6>FND

<TYP7 COMLIAND>

1IDISPLAY SUB

<0>SUB:PROC

<1>DCL A TUTEGER AUTOMATIC ILTERNAL INIT(1)

<2>DCIL S INTEGER STATIC IINTERNAI INIT(O0)

<3>DCL LBIL LABEL VARIABLE STATIC IUTERIAL

<y>[]=2111

<5>[1=85

<6>5=5+1

<7>IF S=1 THEN GOTO SETLBIL

<8>[]=2112

<9>G0TO0 LBL

<10>SETLBL:[0=2113

<11>LBL=L0

<12>4=9

<13>RFETURN

<14>7,0:[1=2114

<15>[=8

<16>01=4

<17>RETURN

<18>FND

<TYPL COMMAND>

HAIN

24 1111

24 2111

16 0

24 2113

24 1112

24 2111

16 1

24 2112

SYNTAX ERROR

EXEC[111] <INVALID BRANCIHI TO LABEL VARIABLE ATTEMPTED>
A

Case 3
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Case 4: Entry Variable

This case portrays the Logical Model properly executing
a program using an entry variable defined in the PL/I language
specifications. The PL/I F compiler dces not currently support
this capability. The three procedures A, B, and E are displayed
separately. The static nesting, developed by COPY commands, is
shown below, along with the activation chain as execution proceeds
(the numbers denote the sequence of calls and returns).

Activation Chain

B : ’ AA

- ].J{ 2 3

Set EV=E B B Call EV

The first call of B sets the entry variable, EV, to E,
in the current environment. Then B returns, and is called again
by A, at which time B calls EV. 1In this case, the environment
that existed when EV was set (the first activation of A is still
active and the first activation of B is irrelevant since E is at
the same lexical level as E) still exists, and the program runs
properly to completion.
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B<4> -

B<8> -
E<l> -

MODEL USAGE RESULTS

START 2
<TYPF COMMAND>
1DISPLAY A
<0>A:PROC
<1>DCL X AUTO INIT(1)
<2>DCL & STATIC INIT(OQ)
<3>DCI, FV ENTRY VARIABLE STATIC
<y>[]=1111
<5>CALL B
<6>[]=1112
<7>CALL B
<8>[]1=1113
<9>FND
<TYPF COMMAND>
IDISPLAY B
<0>R:PROC
<1>[]=2111
<2>5=5+1
<3>IF S=2 THEN GOTO CALLLV
<y>[]=2112
<5>X=9
<6>FV=F
<7>RETURN
<8>CALLLV:[0=2113
<9>CALL LV
<10>[1=2114
<11>FND
<TYPE COMMAND>
IDISPLAY E
<0>F:PRrROC
<1>[]=3111
<2>=8S
<3>[]=X
<4>rrND
<TYPFE COMMAND>
JCOPY EF IN A
<COPY COMPLETED>
<TYPFE COMMAND>

A

24 1111
24 2111
24 2112
24 1112
24 2111
24 2113
24 3111
16 2

16 9

24 211y
24 1113
<TYPE COMMAND>
JOFF
<OFF>

Case 4

IBM CONFIDENTIAL

1]



Section

5.2

MODEL USAGE RESULTS

Case 5: Entry Variable - Erroneous Case Caught

static nesting is changed to that

In this

far as E is concerned,

This case is identical to Case 4, except that the

case,

pram———

shown below.

the environment that exists when EV is set, as

and the first activation of B. However,
of B is destroyed immediately after B sets EV. Thus, when B
calls EV in B's second activation, the original environment

corresponding to that set in EV no longer exists, resulting
in an error.

<TYPE COMMAND>

A
2u
24
4 - 24
24
24
3 8 - 24

1111
2111
2112
1112
2111
2113

SYNTAX FERROR
EXRCLu8] <ENTRY VARIABLE RNVIRONMENT NO LONGER EXIGTS>

Case'5
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5.2.2 Performance Cases

Comparative runs have been made on the Timing Model
and in PL/I on the Model 85 using two methods of computing
factorial 4. Only the execution portion of the programs
were measured. Translation, Connection, and Linking Times
were excluded. Level 0 of the storage hierarchy was made
large enough to hold all the pages required which corresponds
to the program being contained entirely in the Model 85
buffer memory.

Case 1l: Loop Method

The following loop was executed (in PL/I notation, with , .
compiled 360 ops):

LOOP: X =X * J; L, L, M, SLDA, ST.
I=1I+1; L, A, S '
IF M>= I THEN GO TO LOOP; L, L, C, BC

For the Timing Model the loop was traversed 3 times.
For the Model 85 the loop was traversed several hundred thousand
times to get a measurable interval, but the result was normalized
to 3 times. (The variable, J, was needed to permit a large
number of repetitions on the Model 85. It was initialized to one.)

Two means of comparison are possible. First, we may
consider the storage references made by each machine. Since the
Timing Model for this AFS machine provides for the Lookaside
Memory which reduces the number of storage references due to
accessing data indirectly, three figures are shown.

Instructions Data (In Words/Loop)
Model 85 12 10
AFS Machine 7 724 19 12
QIf (igt Loop ‘Other loops
no with with

Lookaside Lookaside Lookaside

Thus, based on storage references, the Model 85 requires 22
references per loop, and the AFS machine requires 19 (to 26
maximum) references per loop. The ratio is approximately 1l:1.

Second, we may consider the times measured for each machine.
The Model 85, normalized to 3 iterations through the loop, took
9.5 microseconds and the AFS machine took 6.1 microseconds. The
fact that this time ratio is 9:6, rather than 1l:1, is due to the
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current level of detail in the Timing Model, especially -
with regard to storage reference and PPU times.

R

Case 2: Recursive Method

The recursive factorial function, FACR, shown below,
was called 4 times. On the Model 85 this was repeated several
hundred times.

<0>FACR:PROC(N,X)

<1>X=1

<2>IF N>1 THEN GQTO RECURS
<3>RETURN

<4>RECURS :CALL FACR(N-1,X)
<5>X=NxX

<6>RETURN

<7>END

The times measured for this case, normalized to one set
of 4 calls, are:

Model 85 215 microseconds
AFS Machine 20.8 microseconds

The ratio of 10:1 for this case should be strongly tempered by
the current level of detail in the Timing Model. But this is NS
illustrative of the type of advantage that results from managing

storing with commands such as CREATE, rather than GETMAIN as in
System/360.

5.3 An Instruction-Level Machine Compared with a Higher-
Level Language Machine

Concurrent with the Logical and Timing Model development,
another pair of models have been implemented which yield supportive
evidence to the performance potential of a higher level language
machine. These models, developed in Palo Alto, have been used
as a means of understanding techniques in the APL Machine, APLM,
described by Phillip Abrams in his recent thesis* and of obtaining
some crude estimates of the machine's performance vis-a-vis a
present day von-Neuman machine. The APLM incorporates two funda-
mental new processes which Abrams has termed "drag-along" and
"beating", where drag-along is defined as the process of deferring
evaluation of operands and operators as long as possible, and
beating is defined as the machine equivalent of calculating
standard forms of selection expressions.

EN

*Abrams, P.S. (1970) An APL Machine SLAC Report No. 114
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The von-Neuman machine used for comparison is based
on the MIX computer designed by Knuth and rather widely used
in computer science courses at Stanford and elsewhere. It is
intrinsically a simple, basic machine with an A-register, Q-
register, and six index registers working with a word-oriented
memory. The instruction repertoire somewhat resembles that of
the IBM 7094. The APLM uses an instruction buffer for subscript
offset calculations.

The CPU capabilities of the MIX machine have been augu-
mented to have an instruction power comparable to that of the
APLM. Thus, the performance of MIX versus APLM becomes a measure
of the number of storage accesses made into the various types of
storage media plus an estimate of the number of cycle required
for each instruction over and above storage cycles.

Example 6 in Abrams thesis has been coded and run on
both the APLM and MIX models. The APL statement is:

E[I;]«EP>| " 1+(+/(1 2 28PTe .-PT[I;]1)*2)*0.5

The statement has been hand coded for the MIX machine in two

ways. It has been coded in a highly optimized manner, including
unrolling of the loops, even though a compiler with such an
ability does not exist. It has also been coded in the manner of a
very good optimizing compiler. The number of references measured
for this example are:

Instructions Data Instruc. Buffer Total
APLM 131 33 66 230
MIX (Highly 87 60 147
optimized)
(Good 140 74 214
optimizing)

Since the APLM is reasonably complete in accounting for
CPU actions, and since the first set of values for the MIX
machine represent extremely efficient coding, the ratio of 2:3
between MIX and APLM may be taken as an indication of a worst
case bound. The ratio of 1:1 between the second set of values
for MIX and APLM are in keeping with the results determined
by the Timing Model.
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5.4 Model Plans

Second versions of the Logical and Timing Models are
being planned which will extend the current set of capabilities.
Enhancements include:

- A more faithful representation of the PU,

including tracing and timing of the stack
manipulations required for the call and
return mechanism and for expression evaluation.

- Byte addressing (rather than the current word
addressing)

- A translator for an APL subset
- An edit/change/continue capability
- Implementation of the LDT as defined in this manual

- Implementation of vectors and fixed and floating
point data types
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GLOSSARY

Numbers refer to sections of this document. Cross references to
AFS Fundamental Concepts and System Language (SLM) are parenthesized.

Activation Tree
(2.3)

ADD
(4.2)

Allocation

(2)

Attach
(2.3)

BRING
Connect

(2.2)
CREATE

(4.2)
Descriptor and
pointer or value

(bAPOV) (2.5.1)

Data Object
(2,5)

DELETE
(4.2)

Descriptor

(2.5.1)

DESTROY
(4.2)

A structure in a Logical Machine
containing information about which
Modules of that Logical Machine are
currently active, and the order in
which they called or attached each
other. (Activation Tree in SLM)

A storage operation defined in the text.

The process of creating a Reference
Table together with its contained

list of DAPOVs. (Insert and Delete

in SLM)

The invocation of a Module to be
executed as a separate Logical Task.
(Create and Parallel in SLM)

A storage overation defined in the text.
A command used to introduce a Module into
a Logical Machine by the creation of a
new node in the Program Tree.

A storage operation defined in the text.
A Descriptor together with its
associated data or a system pointer

which provides access to the data.

The set of a name, its descriptors,
and value. (Object in SLM)

A storage operation defined in the text.
Information specifying the type,
aggregation, and/or representation of

data.

A storage operation defined in the text.
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Dynamic Storage
Mechansim (2.4)

External Node
(2.2)

Generic Descriptor
(2.5.1)

Interpreter
(2.6)

Job
(3.1)

Link
(2.5)

Local Declare Table
(LDT) (2.5.2.3)

Local Link Table
(LLT) (2.5.2.1)

Local Symbol Table
(LST) (2.5.2.1)

Logical Input/Output
System (3.3)

Logical Machine
(2.1)

GLOSSARY

The collection of Storage Anchors
and Reference Tables used to provide
storage and execution time address-
ability for Data Objects.

A special node in the Program Tree
which contains the Local Symbol,
Link and Declare Tables for all the
external names of the program.

A descriptor associated with a name
in a Local Declare Table.

The logical executor of code.

Work performed during the time
between activation and deactivation of
a Logical Machine.

The process of resolving Symbolic Names
by searching the Local Symbol Tables
contained in the nodes of the Program
Tree.

A table containing all the information
that is known about egch‘Symbolic Mame
declared or referenced in the Module.
The Generic Descriptor is part of this
information.

A table containing execution time
connectivity to the DAPOV for each
Symbolic Name declared or referenced
in the Module.

A table containing all the Symbolic
Names declared or referenced in the
Module.

The facilities for the transfer of
information to and from the Logical
Machine.

That part of the system provided for
the processing of each independent
unit of work.
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Logical Machine Supervisor

(3.1)

Logical Name
(2.5.2)

Lookaside Memory
(4.2 & 4.3.6)

LREAD

Module
(3.2)

Offset
(4.2)

Ownership Tree
(3.2)

Pointer

System Pointer

Processing Unit
(PU) (4.3 & 4.4)

/9

GLOSSARY |

A Logical Machine which is in

control of all other Logical Machines
in the system, and provides an inter-
face to the physical processors on
behalf of these Logical Machines.

The internal form of a Symbolic Name.

A local name associative array that
permits look-aside to minimize storage
accesses on repeated references to the
same information.

A storage operation defined in the text.

The combination of the source code,
executable code, line directory, LST,
LLT, and LDT for a sequence of source
statements in which all uses of the
same Symbolic Name refer to the same
object.

An index to a particular bvte of a space.

A structure defining the ownership
relationship between all objects of
the system, and containing information
about the access rights of each object.

A generic term for a type of data whose
value is the logical address of another
data object, and for a System pointer.

A System Pointer is a type of system
data whose value is the physical address
of another space or of a byte within a
space.

A generic term for, a Program Processing
Unit or a Source-Sink Processing Unit.
Also used to represent the common func-
tional part of thest two units.
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GLOSSARY
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Program Processing Subsystem A physical subsystem (comprised

of one or more Program Processing Units)
which- processes all Physical Tasks not
requiring Source-Sink I/O.

(PPS) (4.3)

Program Processing Unit

(PPU) (4.3)

Program Tree
(2.2)

READ
(4.2)

Reference Table
(2.5)

Relative ID
(2.5.3)

Semaphore
(4.1.4)

Source-Sink Processing Unit
(SSPU) (4.4.4)

Source-Sink Subsystem

(Sss) (4.4.1)

Space
(4.2)

Storage Anchor
(sa) (2.4)

A physical unit in the Program Processing

Subsystem.

A tree structure in a Logical Machine
which defines the static nesting of
Modules in the LM and is used to deter-

mine the static

scope of name resolution.

(Static Environment Tree in SLM)

A storage operation defined in the text.

Storage for a list of one or more DAPOVs
together with a back pointer to previous
generations of this Reference Table.

The second field in a Local Link Table
which identifies the appropriate DAPOV
in a Reference Table.

A special integer variable used by
Control to synchronise tasks and provide
access to serially re-usable resources.

A physical unit
Subsystem.

in the Source-Sink

A physical subsystem (comprised of one or
more Source-Sink Processing Units) which
processes all physical I/0 Tasks.

An independent portion of the storage
capable of linear extension and contract-
ion. Referenced in the Logical System
by Space Name and the Physical System

Svace Number.

Storage Anchors
Dynamic Storage
Storage Anchors
Tables directly
Program Tree.

are a component of the
Mechanism. System
address the Reference
associated with the

User Storage Anchors

address the DAPOVs for variables under

user control.

Storage Anchor Name and

Storage Anchor Register are the logical
and physical entities, respectively.
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GLOSSARY

Storage Management Subsystem That portion of the physical system

(SMS) (4.2)

Symbolic Name
(2.5.2)

System Language
(sL) (1.1)

System Node
(2.2)

Task

(3.1)

Task Control Block
(3.1)

Translator
(3.2)

that contains addressable storage and
the controls to allocate storage spaces,
determine the physical location of
stored information, and provide access
to that information. The SMS communi-
cates with the PPS and the SSS.

The external, character string, form
of the identifier of a Data Object
or Logical Object. (Symbol in SLM)

The logical description of the system
contained in the SILM. also, loosely,
the logical form of the execution
Language in the Logical System.

The root node of the Program Tree which
contains the names of, and connectiyity

to the system functions which are
available to the Logical Machine.

Each independent parallel activity
within a logical machine is a logical
task. The first task started is the
master task. The others are subtasks.
A physical task is the unit of work
dispatched to a PPU by the Logical
Machine Sypervisor through the Physical
Control System. (Process in SLM)

A Logical Task Control Block contains
the information which binds an Inter-
preter to the other mechanisms in the
Logical Machine in which it is active.
A Physical Task Control Block defines
the status of the physical task as it
is processed by a Processing Unit or is
queued in Control.

Takes user written code and builds a
Module.
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UNLK
(4.2)

Value Descriptor
(2.5.1)

WRITE
(4.2)

m,«péi'r
GLOSSARY /e

A storage operation defined in the text.
The descriptor associated with the
current value of a Data Object.

A storage operation defined in the text.
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