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or more registers specified In the transaction begin instruction and discarding transactional stores. For one type of transaction, the
nonconstrained transaction, the resuming includes storing information in a transaction diagnostic block.
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(57) Abstract: A transaction 1s initiated via a transaction begin mstruction. During execution of the transaction, the transaction may
abort. If the transaction aborts, a determination 1s made as to the type of transaction. Based on the transaction being a first type of
transaction, resuming execution at the transaction begin mstruction, and based on the transaction being a second type, resuming exe -
cution at an instruction following the transaction begin instruction. Regardless of transaction type, resuming execution includes
restoring one or more registers specified mn the transaction begin instruction and discarding transactional stores. For one type of
transaction, the nonconstrained transaction, the resuming includes storing information in a transaction diagnostic block.
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TRANSACTIONAL PROCESSING
BACKGROUND

[0001] One or more aspects relate, in general, to multiprocessing computing
environments, and 1n particular, to transactional processing within such computing

environments.

[0002] An enduring challenge 1n multiprocessor programming 1s that of updates to the
same storage location by multiple central processing units (CPUs). Many mstructions that
update storage locations, including even simple logical operations, such as AND, do so with
multiple accesses to the location. For instance, first, the storage location 1s fetched, and

then, the updated result 1s stored back.

[0003] In order for multiple CPUs to safely update the same storage location, access to
the location 18 serialized. One nstruction, the TEST AND SET instruction, introduced with
the S/360 architecture formerly offered by International Business Machines Corporation,
provided an interlocked update of a storage location. Interlocked update means that, as
observed by other CPUs and the mnput/output (I/O) subsystem (¢.g., channel subsystem), the
entire storage access of the instruction appears to occur atomically. Later, the S/370
architecture offered by International Business Machines Corporation introduced the
COMPARE AND SWAP and COMPARE DOUBLE AND SWAP instructions that provide
a more sophisticated means of performing interlocked update, and allow the implementation

of what 1s commonly known as a lock word (or semaphore). Recently added instructions

have provided additional mterlocked-update capabilities, including COMPARE AND SWAP
AND PURGE, and COMPARE AND SWAP AND STORE. However, all of these

instructions provide interlocking for only a single storage location.

[0004] More complex program techniques may require the interlocked update of
multiple storage locations, such as when adding an element to a doubly-linked list. In such
an operation, both a forward and backward pointer are to appear to be sitmultancously
updated, as observed by other CPUs and the I/0 subsystem. In order to effect such a
multiple location update, the program 1s forced to use a separate, single point of serialization,

such as a lock word. However, lock words may provide a much courser level of serialization
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[0005] than 1s warranted; for example, the lock words may serialize an entire queue of
millions of elements, even though only two clements are being updated. The program may
structure the data to use finer-grained serialization (¢.g., a hierarchy of lock points), but that
introduces additional problems, such as potential deadlock situations 1f the hierarchy 1s
violated, and recovery 1ssues 1f the program encounters an error while holding one or more

locks or 1f the lock cannot be acquired.

[0006] In addition to the above, there are numerous scenarios where a program may
execute a sequence of instructions that may or may not result in an exception condition. If
no exception condition occurs, then the program continues; however, if an exception 18
recognized, then the program may take corrective action to eliminate the exception
condition. Java, as one example, can exploit such execution in, for instance, speculative
execution, partial in-lining of a function, and/or 1n the re-sequencing of pointer null

checking.

[0007] In classic operating system environments, such as z/OS and its predecessors
offered by International Business Machines Corporation, the program establishes a recovery
environment to 1ntercept any program-exception condition that it may encounter. If the
program doe¢s not itercept the exception, the operating system typically abnormally
terminates the program for exceptions that the operating system 1s not prepared to handle.

Establishing and exploiting such an environment 1s costly and complicated.
BRIEF SUMMARY

[0008] Shortcomings of the prior art are overcome and advantages are provided through
the provision of a computer program product for controlling execution of a transaction 1n a
computing environment. The computer program product includes a computer readable
storage medium readable by a processing circuit and storing instructions for execution by the
processing circult for performing a method. The method includes, for instance, initiating, by
a processor, execution of a transaction 1n a transaction mode via a transaction begin
instruction, the transaction begin instruction to begin any one of a first type of transaction or
a second type of transaction, the transaction comprising a plurality of mstructions to be
executed; based on being 1n transaction mode, effectively delaying committing transactional

stores to main memory until completion of a selected transaction; based on the transaction
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aborting and the transaction being a first type of transaction, resuming execution at the
transaction begin instruction; and based on the transaction aborting and the transaction being
a second type of transaction, resuming execution at a next sequential instruction directly

following the transaction begin instruction in program order.

[0009] Methods and systems relating to one or more embodiments are also described and
claimed herein. Further, services relating to one or more embodiments are also described

and may be claimed herein.

[0010] Additional features and advantages are realized through. Other embodiments and

aspects are described 1n detail herein and are considered a part of the claimed invention.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0011] One or more aspects are particularly pointed out and distinctly claimed as
examples 1 the claims at the conclusion of the specification. The foregoing and other
objects, features, and advantages are apparent from the following detailed description taken

in conjunction with the accompanying drawings in which:
FIG. 1 depicts one embodiment of a computing environment;
FIG. 2A depicts one example of a Transaction Begin (TBEGIN) instruction;

FIG. 2B depicts one embodiment of further details of a ficld of the TBEGI
instruction of FIG. 2A;

FIG. 3A depicts on example of a Transaction Begin constrained (TBEGINC)

instruction;

FIG. 3B depicts one embodiment of further details of a ficld of the TBEGINC
instruction of FIG. 3A;

FIG. 4 depicts one example of a Transaction End (TEND) instruction;
FIG. 5 depicts one example of a Transaction Abort (TABORT) instruction;

FIG. 6 depicts one example of nested transactions;
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FIG. 7 depicts one example of a NONTRANSACTIONAL STORE (NTSTG)

instruction;

FIG. 8 depicts one example of an EXTRACT TRANSACTION NESTING DEPTH
(ETND) 1nstruction;

FIG. 9 depicts one example of a transaction diagnostic block;

FIG. 10 depicts example reasons for abort, along with associated abort codes and

condition codes;

FIG. 11 depicts one embodiment of the logic associated with executing a TBEGINC

instruction;

FIG. 12 depicts one embodiment of the logic associated with executing a TBEGIN

instruction;

FIG. 13 depicts one embodiment of the logic associated with executing a TEND

instruction;

FIG. 14 depicts one embodiment of the logic associated with transaction abort

processing;
FIG. 15A depicts one embodiment of logic associated with transactional processing;

FIG. 15B depicts one embodiment of logic associated with resuming processing after

an abort of a nonconstrained transaction;

FIGs. 16A-16B depict an example of inserting a queue element into a doubly linked

l1st of queue elements;
FIG. 17 depicts one embodiment of a computer program product;
FIG. 18 depicts one embodiment of a host computer system:;

FIG. 19 depicts a further example of a computer system;
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FI1G. 20 depicts another example of a computer system comprising a

computer network;
FIG. 21 depicts one embodiment of various elements of a computer system;

FIG. 22A depicts one embodiment of the execution unit of the computer

system of FIG. 21;

FIG. 22B depicts one embodiment of the branch unit of the computer system

of FIG. 21;

FIG. 22C depicts one embodiment of the load/store unit of the computer

system of FIG. 21; and
FIG. 23 depicts one embodiment of an emulated host computer system.
DETAILED DESCRIPTION

[0012] In accordance with one aspect, a transactional execution (TX) facility 1s provided.
This facility provides transactional processing for instructions, and in one or more
embodiments, offers different execution modes, as described below, as well as nested levels

of transactional processing.

[0013] The transactional execution facility introduces a CPU state called the
transactional execution (TX) mode. Following a CPU reset, the CPU is not in the TX mode.
The CPU enters the TX mode by a TRANSACTION BEGIN 1nstruction. The CPU leaves
the TX mode by either (a) an outermost TRANSACTION END instruction (more details on
inner and outer to follow), or (b) the transaction being aborted. While in the TX mode,
storage accesses by the CPU appear to be block-concurrent as observed by other CPUSs and
the I/0 subsystem. The storage accesses are either (a) committed to storage when the
outermost transaction ends without aborting (1.¢., ¢.g., updates made 1n a cache or buftfer
local to the CPU are propagated and stored 1n real memory and visible to other CPUs), or (b)

discarded if the transaction 1s aborted.

[0014] Transactions may be nested. That 1s, while the CPU 1s 1n the TX mode, 1t may
execute another TRANSACTION BEGIN instruction. The instruction that causes the CPU
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to enter the TX mode 18 called the outermost TRANSACTION BEGIN; similarly, the
program 1s said to be 1n the outermost transaction. Subsequent executions of
TRANSACTION BEGIN are called inner instructions; and the program 1s executing an
inner transaction. The model provides a minimum nesting depth and a model-dependent
maximmum nesting depth. An EXTRACT TRANSACTION NESTING DEPTH instruction
returns the current nesting depth value, and 1n a further embodiment, may return a maximum
nesting-depth value. This technique uses a model called “flattened nesting” in which an

aborting condition at any nesting depth causes all levels of the transaction to be aborted, and

control 1s returned to the mstruction following the outermost TRANSACTION BEGIN.

[0015] During processing of a transaction, a transactional access made by one CPU 1s
said to conflict with either (a) a transactional access or nontransactional access made by
another CPU, or (b) a nontransactional access made by the I/0O subsystem, 1f both accesses
are to any location within the same cache line, and one or both of the accesses 1s a store. In
other words, 1n order for transactional execution to be productive, the CPU 1s not to be
observed making transactional accesses until 1t commits. This programming model may be
highly effective 1n certain environments; for example, the updating of two points in a
doubly-linked list of a million elements. However, 1t may be less effective, 1f there 1s a lot of

contention for the storage locations that are being transactionally accessed.

[0016] In one model of transactional execution (referred to herein as a nonconstrained
transaction), when a transaction 1s aborted, the program may either attempt to re-drive the
transaction 1n the hopes that the aborting condition 1s no longer present, or the program may
“fall back™ to an equivalent non-transactional path. In another model of transactional
execution (referred to herein as a constrained transaction), an aborted transaction 1s
automatically re-driven by the CPU; 1n the absence of constraint violations, the constrained

transaction 18 assured of eventual completion.

[0017] When mitiating a transaction, the program can specify various controls, such as
(a) which general registers are restored to their original contents 1f the transaction 1s aborted,
(b) whether the transaction 1s allowed to modify the floating-point-register context,
including, for instance, floating point registers and the floating point control register, (¢)
whether the transaction 1s allowed to modify access registers (ARs), and (d) whether certain

program-e¢xception conditions are to be blocked from causing an interruption. If a
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nonconstrained transaction is aborted, various diagnostic information may be provided. For
instance, the outermost TBEGIN 1nstruction that initiates a nonconstrained transaction may
designate a program specified transaction diagnostic block (TDB). Further, the TDB 1n the
CPU’s prefix area or designated by the host’s state description may also be used 1f the
transaction 1s aborted due to a program interruption or a condition that causes interpretative

execution to end, respectively.

[0018] Indicated above are various types of registers. These are further explained 1n
detail herein. General registers may be used as accumulators 1n general arithmetic and
logical operations. In one embodiment, each register contains 64 bit positions, and there are
16 general registers. The general registers are 1dentified by the numbers 0-15, and are
designated by a four-bit R field in an mstruction. Some instructions provide for addressing
multiple general registers by having several R fields. For some instructions, the use of a
specific general register 1s implied rather than explicitly designated by an R field of the

Instruction.

[0019] In addition to therr use as accumulators in general arithmetic and logical
operations, 15 of the 16 general registers are also used as base address and index registers 1n
address generation. In these cases, the registers are designated by a four-bit B field or X
ficld 1n an instruction. A value of zero 1n the B or X field specifies that no base or index 18
to be applied, and thus, general register 0 1s not to be designated as containing a base address

or 1ndex.

[0020] Floating point mstructions use a sct of floating point registers. The CPU has 16
floatmg point registers, in one embodiment. The floating point registers are 1dentified by the
numbers 0-135, and are designated by a four bit R field in floating pomnt instructions. Each
floating point register 1s 64 bits long and can contain either a short (32-bit) or a long (64-bit)

floating point operand.

[0021] A floating point control (FPC) register 1s a 32-bit register that contains mask bits,
flag bits, a data exception code, and rounding mode bits, and 1s used during processing of

floating point operations.

[0022] Further, in one embodiment, the CPU has 16 control registers, each having 64 bit

positions. The bit positions in the registers are assigned to particular facilities in the system,
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such as Program Event Recording (PER) (discussed below), and are used either to specity
that an operation can take place or to furnish special information required by the facility. In
onc embodiment, for the transactional facility, CRO (bits 8 and 9) and CR2 (bits 61-63) arc

used, as described below.

[0023] The CPU has, for instance, 16 access registers numbered 0-15. An access
register consists of 32 bit positions containing an indirect specification of an address space
control element (ASCE). An address space control element 1s a parameter used by the
dynamic address translation (DAT) mechanism to translate references to a corresponding
address space. When the CPU 1s 1n a mode called the access register mode (controlled by
bits in the program status word (PSW)), an instruction B ficld, used to specify a logical
address for a storage operand reference, designates an access register, and the address space
control element specified by the access register 1s used by DAT for the reference being
made. For some instructions, an R field 1s used instead of a B field. Instructions are
provided for loading and storing the contents of the access registers and for moving the

contents of one¢ access register to another.

[0024] Each of access registers 1-15 can designate any address space. Access register 0
designates the primary mstruction space. When one of access registers 1-15 1s used to
designate an address space, the CPU determines which address space 1s designated by
translating the contents of the access register. When access register 0 1s used to designate an
address space, the CPU treats the access register as designating the primary instruction
space, and 1t does not examine the actual contents of the access register. Therefore, the 16
access registers can designate, at any one time, the primary instruction space and a

maximum of 15 other spaces.

[0025] In one embodiment, there are multiple types of address spaces. An address space
1S a consecutive sequence of mteger numbers (virtual addresses), together with the specific

transformation parameters which allow each number to be associated with a byte location 1

storage. The sequence starts at zero and proceeds left to right.

[0026] In, for instance, the z/Architecture, when a virtual address 1s used by a CPU to
access main storage (a.k.a., main memory), it 1s first converted, by means of dynamic

address translation (DAT), to a real address, and then, by means of prefixing, to an absolute
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address. DAT may use from one to five levels of tables (page, segment, region third, region
second, and region first) as transformation parameters. The designation (origin and length)
of the highest-level table for a specific address space 1s called an address space control
clement, and 1t 1s found for use by DAT 1n a control register or as specified by an access
register. Alternatively, the address space control element for an address space may be a real
space designation, which indicates that DAT 1s to translate the virtual address simply by

treating 1t as a real address and without using any tables.

[0027] DAT uses, at different times, the address space control elements 1in different
control registers or specified by the access registers. The choice 1s determined by the
translation mode specified in the current PSW. Four translation modes are available:
primary space mode, secondary space mode, access register mode and home space mode.

Different address spaces are addressable depending on the translation mode.

[0028] At any mstant when the CPU 1s 1n the primary space mode or secondary space
mode, the CPU can translate virtual addresses belonging to two address spaces — the primary
address space and the second address space. At any instant when the CPU 1s 1n the access
register mode, 1t can translate virtual addresses of up to 16 address spaces — the primary
address space and up to 15 AR-specified address spaces. At any istant when the CPU 18 1n

the home space mode, 1t can translate virtual addresses of the home address space.

[0029] The primary address space 1s 1dentified as such because 1t consists of primary
virtual addresses, which are translated by means of the primary address space control
clement (ASCE). Similarly, the secondary address space consists of secondary virtual
addresses translated by means of the secondary ASCE; the AR specified address spaces
consist of AR specified virtual addresses translated by means of AR specified ASCESs; and
the home address space consists of home virtual addresses translated by means of the home
ASCE. The primary and secondary ASCEs are 1n control registers 1 and 7, respectively.
AR specified ASCEs are in ASN-second-table entries that are located through a process
called access-register translation (ART) using control registers 2, 5 and 8. The home ASCE

1S 1n control register 13.

[0030] One embodiment of a computing environment to incorporate and use one or more

aspects of the transactional facility described herein 1s described with reterence to FIG. 1.
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[0031] Referring to FIG. 1, 1n one example, computing environment 100 1s based on the
z/Architecture, offered by International Business Machines (IBM®) Corporation, Armonk,
New York. The z/Architecture 1s described 1n an IBM Publication entitled “z/Architecture —
Principles of Operation,” Publication No. SA22-7932-08, 9" Edition, August 2010.

[0032] Z/ARCHITECTURE, IBM, and Z/0OS and Z/VM (referenced below) are
registered trademarks of International Business Machines Corporation, Armonk, New York.
Other names used herein may be registered trademarks, trademarks or product names of

International Business Machines Corporation or other companies.

[0033] As one example, computing environment 100 includes a central processor
complex (CPC) 102 coupled to one or more input/output (I/0) devices 106 via one or more
control units 108. Central processor complex 102 mcludes, for instance, one or more central
processors 110, one or more partitions 112 (e.g., logical partitions (LP)), a logical partition

hypervisor 114, and an input/output subsystem 115, each of which 1s described below.

[0034] Central processors 110 are physical processor resources allocated to the logical
partitions. In particular, each logical partition 112 has one or more logical processors, cach
of which represents all or a share of a physical processor 110 allocated to the partition. The
logical processors of a particular partition 112 may be either dedicated to the partition, so
that the underlying processor resource 110 1s reserved for that partition; or shared with
another partition, so that the underlying processor resource 1s potentially available to another

partition.

[0035] A logical partition functions as a separate system and has one or more
applications, and optionally, a resident operating system therein, which may differ for each
logical partition. In one embodiment, the operating system 1s the z/OS operating system, the
z/VM operating system, the z/Linux operating system, or the TPF operating system, offered
by International Business Machines Corporation, Armonk, New York. Logical partitions
112 are managed by a logical partition hypervisor 114, which 1s implemented by firmware
running on processors 110. As used herein, firmware includes, ¢.g., the microcode and/or
millicode of the processor. It includes, for instance, the hardware-level instructions and/or
data structures used in implementation of higher level machine code. In one embodiment, 1t

includes, for instance, proprictary code that 1s typically delivered as microcode that includes
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trusted software or microcode specific to the underlying hardware and controls operating

system access to the system hardware.

[0036] The logical partitions and logical partition hypervisor each comprise one or more
programs residing in respective partitions of central storage associated with the central
processors. One example of logical partition hypervisor 114 1s the Processor
Resource/System Manager (PR/SM), offered by International Business Machines
Corporation, Armonk, New Y ork.

[0037] Input/output subsystem 115 directs the flow of information between input/output
devices 106 and main storage (a.k.a., main memory). It 1s coupled to the central processing
complex, 1n that 1t can be a part of the central processing complex or separate therefrom.
The 1I/0 subsystem relieves the central processors of the task of communicating directly with
the mput/output devices and permits data processing to proceed concurrently with
input/output processing. To provide communications, the I/O subsystem employs 1/0
communications adapters. There are various types of communications adapters including, for
instance, channels, I/0 adapters, PCI cards, Ethernet cards, Small Computer Storage
Interface (SCSI) cards, etc. In the particular example described herein, the 1/0
communications adapters are channels, and therefore, the 1/0 subsystem 1s referred to herein
as a channel subsystem. However, this 1s only one example. Other types of 1/0 subsystems

can be used.

[0038] The I/O subsystem uses one or more input/output paths as communication links
in managing the flow of mnformation to or from mput/output devices 106. In this particular
example, these paths are called channel paths, since the communication adapters are

channels.

[0039] The computing environment described above 1s only one example of a computing
environment that can be used. Other environments, including but not limited to, non-
partitioned environments, other partitioned environments, and/or emulated environments,

may be used; embodiments are not limited to any one environment.

[0040] In accordance with one or more aspects, the transactional execution facility 1s a
CPU enhancement that provides the means by which the CPU can execute a sequence of

instructions — known as a transaction — that may access multiple storage locations, including
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the updating of those locations. As observed by other CPUs and the 1/0 subsystem, the
transaction 1s either (a) completed 1n 1ts entirety as a single atomic operation, or (b) aborted,
potentially leaving no evidence that it ever executed (except for certain conditions described
herein). Thus, a successfully completed transaction can update numerous storage locations

without any special locking that 1s needed 1n the classic multiprocessing model.

[0041] The transactional execution facility includes, for instance, one or more controls;
one or more 1nstructions; transactional processing, including constrained and nonconstrained

execution; and abort processing, cach of which 1s further described below.

[0042] In one embodiment, three special purpose controls, including a transaction abort
Program Status Word (PSW), a transaction diagnostic block (TDB) address, and a
transaction nesting depth; five control register bits; and six general instructions, including
TRANSACTION BEGIN (constrained and nonconstrained), TRANSACTION END,
EXTRACT TRANSACTION NESTING DEPTH, TRANSACTION ABORT, and
NONTRANSACTIONAL STORE, are used to control the transactional execution facility.
When the facility 1s 1nstalled, 1t 1s installed, for instance, in all CPUs in the configuration. A
facility mndication, bit 73 1n one implementation, when one, indicates that the transactional

execution facility 1s mstalled.

[0043] When the transactional execution facility 1s installed, the configuration provides a
nonconstrained transactional execution facility, and optionally, a constrained transactional
execution facility, each of which 1s described below. When facility indications 50 and 73, as
examples, are both one, the constrained transactional execution facility is installed. Both

facility indications are stored in memory at specified locations.

[0044] As used herein, the instruction name TRANSACTION BEGIN refers to the
instructions having the mnemonics TBEGIN (Transaction Begin for a nonconstrained
transaction) and TBEGINC (Transaction Begin for a constrained transaction). Discussions
pertaining to a specific instruction are indicated by the instruction name followed by the

mnemonic in parentheses or brackets, or ssmply by the mnemonic.

[0045] One embodiment of a format of a TRANSACTION BEGIN (TBEGIN)
instruction 1s depicted in FIGs. 2A-2B. As one example, a TBEGIN instruction 200 includes

an opcode field 202 that includes an opcode specifying a transaction begin nonconstrained
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operation; a base field (B;) 204; a displacement field (D) 206; and an immediate field (I,)
208. When the B, field 1s nonzero, the contents of the general register specified by B, 204
are added to D; 206 to obtain the first operand address.

[0046] When the B, ficld 1s nonzero, the following applies:

[0047]  When the transaction nesting depth 1s initially zero, the first operand address
designates the location of the 256 byte transaction diagnostic block, called the
TBEGIN-specified TDB (described further below) mmto which various
diagnostic information may be stored if the transaction 1s aborted. When the
CPU 1s 1n the primary space mode or access register mode, the first operand
address designates a location 1n the primary address space. When the CPU 1s
in the secondary space or home space mode, the first operand address
designates a location in the secondary or home address space, respectively.

When DAT 1s off, the transaction diagnostic block (TDB) address (TDBA)

designates a location 1n real storage.

[0048] Store accessibility to the first operand 1s determined. If accessible, the logical

address of the operand 1s placed into the transaction diagnostic block address

(TDBA), and the TDBA 1s valid.

[0049] e When the CPU 1s already in the nonconstrained transactional execution mode,
the TDBA 1s not modified, and 1t 1s unpredictable whether the first operand 1s

tested for accessibility.

[0050] When the B, field 1s zero, no access exceptions are detected for the first operand

and, for the outermost TBEGIN 1nstruction, the TDBA 1s invalid.
[0051] The bits of the I, field are defined as follows, 1n one example:

[0052] General Register Save Mask (GRSM) 210 (FIG. 2B): Bits 0-7 of the I, field
contain the general register save mask (GRSM). Each bit of the GRSM represents an even-
odd pair of general registers, where bit O represents registers 0 and 1, bit 1 represents
registers 2 and 3, and so forth. When a bit in the GRSM of the outermost TBEGIN

instruction 1s zero, the corresponding register pair 1s not saved. When a bit in the GRSM of
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the outermost TBEGIN 1nstruction 18 one, the corresponding register pair 18 saved 1n a model

dependent location that is not directly accessible by the program.

[0053] If the transaction aborts, saved register pairs are restored to their contents when
the outermost TBEGIN 1nstruction was executed. The contents of all other (unsaved)

general registers are not restored when a transaction aborts.

[0054] The general register save mask 1s 1gnored on all TBEGINSs except for the

outermost onc.

[0055] Allow AR Modification (A) 212: The A control, bit 12 of the I, field, controls
whether the transaction 1s allowed to modify an access register. The effective allow AR
modification control 1s the logical AND of the A control in the TBEGIN 1nstruction for the

current nesting level and for all outer levels.

[0056] If the effective A control 1s zero, the transaction will be aborted with abort code
11 (restricted mstruction) 1f an attempt 1s made to modify any access register. If the
ctfective A control 1s one, the transaction will not be aborted if an access register 1s modified

(absent of any other abort condition).

[0057] Allow Floating Point Operation (F) 214: The F control, bit 13 of the I, field,
controls whether the transaction 1s allowed to execute specified floating point instructions.
The effective allow floating point operation control 1s the logical AND of the F control in the

TBEGIN instruction for the current nesting level and for all outer levels.

[0058] If the effective F control 1s zero, then (a) the transaction will be aborted with
abort code 11 (restricted instruction) 1f an attempt 1s made to execute a floating point
instruction, and (b) the data exception code (DXC) in byte 2 of the floating point control
register (FPCR) will not be set by any data exception program exception condition. If the
cttective F control 1s one, then (a) the transaction will not be aborted 1f an attempt 1s made to
execute a floating point instruction (absent any other abort condition), and (b) the DXC 1n

the FPCR may be set by a data exception program exception condition.

[0059] Program Interruption Filtering Control (PIFC) 216: Bits 14-15 of the I, field

arc the program interruption filtering control (PIFC). The PIFC controls whether certain
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classes of program exception conditions (¢.g., addressing exception, data exception,
operation exception, protection exception, etc.) that occur while the CPU 1s 1n the

transactional execution mode result in an mterruption.

[0060] The eftective PIFC 1s the highest value of the PIFC 1n the TBEGIN 1nstruction
for the current nesting level and for all outer levels. When the effective PIFC 1s zero, all
program exception conditions result 1n an interruption. When the effective PIFC 1s one,
program exception conditions having a transactional execution class of 1 and 2 result 1n an
interruption. (Each program exception condition 1s assigned at least one transactional
execution class, depending on the severity of the exception. Severity 1s based on the
likelithood of recovery during a repeated execution of the transactional execution, and
whether the operating system needs to see the interruption.) When the effective PIFC is two,
program e¢xception conditions having a transactional execution class of 1 result 1n an

interruption. A PIFC of 3 1s reserved.

[0061] Bits 8-11 of the I, field (bits 40-43 of the instruction) are reserved and should

contain zeros; otherwise, the program may not operate compatibly in the future.

[0062] One embodiment of a format of a Transaction Begin constrained (TBEGINC)
instruction 18 described with reference to FIGs. 3A-3B. In one example, TBEGINC 300
includes an opcode field 302 that includes an opcode specifying a transaction begin
constrained operation; a base field (B;) 304; a displacement field (D) 306; and an
immediate field (I;) 308. The contents of the general register specified by B, 304 are added
to D; 306 to obtain the first operand address. However, with the transaction begin
constrained 1nstruction, the first operand address 1s not used to access storage. Instead, the

B, ficld of the 1nstruction includes zeros; otherwise, a specification exception 1s recognized.

[0063] In one embodiment, the I, field includes various controls, an example of which 1s

depicted 1in FIG. 3B.
[0064] The bits of the I, ficld are defined as follows, 1n one example:

[0065] General Register Save Mask (GRSM) 310: Bits 0-7 of the I, field contain the
general register save mask (GRSM). Each bit of the GRSM represents an even-

odd pair of general registers, where bit 0 represents registers 0 and 1, bit 1
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represents registers 2 and 3, and so forth. When a bit in the GRSM 1s zero, the
corresponding register pair 1s not saved. When a bit in the GRSM 1s one, the
corresponding register pair 1s saved in a model-dependent location that 1s not

directly accessible by the program.

[0066] If the transaction aborts, saved register pairs are restored to their contents when
the outermost TRANSACTION BEGIN instruction was executed. The contents
of all other (unsaved) general registers are not restored when a constrained

transaction aborts.

[0067] When TBEGINC 1s used to continue execution 1n the nonconstrained transaction

execution mode, the general register save mask 1S 1gnored.

[0068] Allow AR Modification (A) 312: The A control, bit 12 of the I, field, controls
whether the transaction 1s allowed to modify an access register. The effective
allow-AR-modification control 1s the logical AND of the A control in the
TBEGINC 1nstruction for the current nesting level and for any outer TBEGIN or

TBEGINC 1nstructions.

[0069] If the effective A control 1s zero, the transaction will be aborted with abort code
11 (restricted mstruction) 1f an attempt 1s made to modify any access register. If
the effective A control 18 one, the transaction will not be aborted 1f an access

register 18 modified (absent of any other abort condition).

[0070] Bits 8-11 and 13-15 of the I, field (bits 40-43 and 45-47 of the instruction) are

reserved and should contain zeros.

[0071] The end of a Transaction Begin instruction 1s specified by a TRANSACTION
END (TEND) 1nstruction, a format of which 1s depicted mn FIG. 4. As one example, a TEND
instruction 400 includes an opcode ficld 402 that includes an opcode specifying a transaction

end operation.

[0072] A number of terms are used with respect to the transactional execution facility,
and therefore, solely for convenience, a list of terms 18 provided below 1n alphabetical order.

In one embodiment, these terms have the following definition:
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[0073] Abort: A transaction aborts when 1t 1s ended prior to a TRANSACTION END
instruction that results 1n a transaction nesting depth of zero. When a transaction aborts, the

following occurs, 1n one embodiment:

[0074] e Transactional store accesses made by any and all levels of the transaction are

discarded (that 18, not committed).

[0075] e Non-transactional store accesses made by any and all levels of the transaction

arc committed.

[0076] e Registers designated by the general register save mask (GRSM) of the
outermost TRANSACTION BEGIN instruction are restored to their contents
prior to the transactional execution (that 1s, to their contents at execution of
the outermost TRANSACTION BEGIN instruction). General registers not
designated by the general register save mask of the outermost

TRANSACTION BEGIN instruction are not restored.

[0077] o Access registers, floating-point registers, and the floating-point control
register are not restored. Any changes made to these registers during

transaction execution are retained when the transaction aborts.

[0078] A transaction may be aborted due to a variety of reasons, including attempted
execution of a restricted instruction, attempted modification of a restricted resource,
transactional conflict, exceeding various CPU resources, any interpretive-execution
interception condition, any interruption, a TRANSACTION ABORT instruction, and other
reasons. A transaction-abort code provides specific reasons why a transaction may be

aborted.

[0079] One example of a format of a TRANSACTION ABORT (TABORT) instruction
1s described with reference to FIG. 5. As one example, a TABORT 1nstruction 500 includes
an opcode field 502 that includes an opcode specifying a transaction abort operation; a base
ficld (B;) 504; and a displacement field (D;) 506. When the B, field 1s nonzero, the contents
of the general register specified by B, 504 are added to D, 506 to obtain a second operand
address; otherwise, the second operand address 1s formed solely from the D, ficld, and the B,

field 1s 1gnored. The second operand address 1s not used to address data; instead, the address
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forms the transaction abort code which 1s placed 1n a transaction diagnostic block during
abort processing. Address computation for the second operand address follows the rules of
address arithmetic: 1n the 24-bit addressing mode, bits 0-29 are set to zeros; in the 31-bit

addressing mode, bits 0-32 are set to zeros.

[0080] Commit: At the completion of an outermost TRANSACTION END 1nstruction,
the CPU commiuts the store accesses made by the transaction (1.¢., the outermost transaction
and any nested levels) such that they are visible to other CPUs and the I/0 subsystem. As
observed by other CPUs and by the I/O subsystem, all fetch and store accesses made by all
nested levels of the transaction appear to occur as a single concurrent operation when the

commit Occurs.

[0081] The contents of the general registers, access registers, floating-point registers, and
the floating-point control register are not modified by the commit process. Any changes
made to these registers during transactional execution are retained when the transaction’s

stores are committed.

[0082] Conflict: A transactional access made by one CPU conflicts with either (a) a
transactional access or non-transactional access made by another CPU, or (b) the non-
transactional access made by the 1/0 subsystem, 1f both accesses are to any location within

the same cache line, and one or more of the accesses 1s a store.

[0083] A conflict may be detected by a CPU’s speculative execution of instructions,

even though the conflict may not be detected 1n the conceptual sequence.

[0084] Constrained Transaction: A constrained transaction 1s a transaction that
executes 1n the constrained transactional execution mode and 1s subject to the following

[imitations:

[0085] e A subset of the general instructions 1s available.

[0086] e A limited number of 1nstructions may be executed.

[0087] e A limited number of storage-operand locations may be accessed.

[0088] o The transaction 1s limited to a single nesting level.
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[0089] In the absence of repeated interruptions or conflicts with other CPUs or the 1/0
subsystem, a constrained transaction eventually completes, thus an abort-handler routine 1s

not required. Constrained transactions are described in detail below.

[0090] When a TRANSACTION BEGIN constrained (TBEGINC) 1nstruction 1s
executed while the CPU 1s already m the nonconstrained transaction execution mode,

execution continues as a nested nonconstrained transaction.

[0091] Constrained Transactional Execution Mode: When the transaction nesting
depth 1s zero, and a transaction 1s mitiated by a TBEGINC instruction, the CPU enters the
constrained transactional execution mode. While the CPU 1s 1n the constrained

transactional execution mode, the transaction nesting depth 1s one.

[0092] Nested Transaction: When the TRANSACTION BEGIN 1nstruction 1s 1ssued
while the CPU 1s 1n the nonconstrained transactional execution mode, the transaction 1s

nested.

[0093] The transactional execution facility uses a model called flattened nesting. In the
flattened nesting mode, stores made by an inner transaction are not observable by other
CPUs and by the I/O subsystem until the outermost transaction commits its stores.
Similarly, 1f a transaction aborts, all nested transactions abort, and all transactional stores of

all nested transactions are discarded.

[0094] One example of nested transactions 1s depicted in FIG. 6. As shown, a first
TBEGIN 600 starts an outermost transaction 601, TBEGIN 602 starts a first nested
transaction, and TBEGIN 604 starts a second nested transaction. In this example, TBEGIN
604 and TEND 606 define an innermost transaction 608. When TEND 610 executes,
transactional stores arc committed 612 for the outermost transaction and all inner

transactions.

[0095] Nonconstrained Transaction: A nonconstrained transaction 18 a transaction that
executes 1n the nonconstrained transactional execution mode. Although a nonconstrained
transaction 1s not limited in the manner as a constrained transaction, it may still be aborted

due to a variety of causes.
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[0096] Nonconstrained Transactional Execution Mode: When a transaction 1s
initiated by the TBEGIN 1nstruction, the CPU enters the nonconstrained transactional
execution mode. While the CPU 1s 1n the nonconstrained transactional execution mode, the

transaction nesting depth may vary from one to the maximum transaction nesting depth.

10097] Non-Transactional Access: Non-transactional accesses are storage operand
accesses made by the CPU when 1t 1S not 1n the transactional execution mode (that 1s, classic
storage accesses outside of a transaction). Further, accesses made by the I/O subsystem are
non-transactional accesses. Additionally, the NONTRANSACTIONAL STORE instruction
may be used to cause a non-transactional store access while the CPU 1s 1n the nonconstrained

transactional execution mode.

[0098] One embodiment of a format of a NONTRANSACTIONAL STORE instruction
1s described with reference to FIG. 7. As one example, a NONTRANSACTIONAL STORE
instruction 700 includes a plurality of opcode fields 702a, 702b specitying an opcode that
designates a nontransactional store operation; a register field (R;) 704 specitying a register,
the contents of which are called the first operand; an index field (X;) 706; a base field (B;)
708; a first displacement field (DL;) 710; and a second displacement ficld (DH;) 712. The
contents of the general registers designated by the X, and B, fields are added to the contents
of a concatenation of contents of the DH; and DL, fields to form the second operand
address. When either or both the X, or B, fields are zero, the corresponding register does

not take part 1n the addition.

[0099] The 64 bit first operand 1s nontransactionally placed unchanged at the second

operand location.

[00100] The displacement, formed by the concatenation of the DH, and DL, fields, 18
treated as a 20-bit signed binary integer.

[00101] The second operand 1s to be aligned on a double word boundary; otherwise,

specification exception 1s recognized and the operation 1s suppressed.

[00102] Outer/Outermost Transaction: A transaction with a lower-numbered
transaction nesting depth 1s an outer transaction. A transaction with a transaction nesting

depth value of one 1s the outermost transaction.
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[00103] An outermost TRANSACTION BEGIN i1nstruction 1s one that 1s executed when
the transaction nesting depth 1s mitially zero. An outermost TRANSACTION END
instruction 1s one¢ that causes the transaction nesting depth to transition from one to zero. A

constrained transaction 1s the outermost transaction, 1n this embodiment.

[00104] Program Interruption Filtering: When a transaction 18 aborted due to certain
program exception conditions, the program can optionally prevent the interruption from
occurring. This technique 1s called program interruption filtering. Program interruption
filtering 1s subject to the transactional class of the interruption, the effective program

interruption filtering control from the TRANSACTION BEGIN 1nstruction, and the

transactional execution program interruption filtering override in control register 0.

[00105] Transaction: A transaction includes the storage-operand accesses made, and
selected general registers altered, while the CPU 1s 1n the transaction execution mode. For a
nonconstrained transaction, storage-operand accesses may include both transactional
accesses and non-transactional accesses. For a constrained transaction, storage-operand
accesses are limited to transactional accesses. As observed by other CPUs and by the 1/0
subsystem, all storage-operand accesses made by the CPU while 1n the transaction execution
mode appear to occur as a single concurrent operation. If a transaction 18 aborted,
transactional store accesses are discarded, and any registers designated by the general
register save mask of the outermost TRANSACTION BEGIN instruction are restored to

ther contents prior to transactional execution.

[00106] Transactional Accesses: Transactional accesses are storage operand accesses

made while the CPU 1s 1n the transactional execution mode, with the exception of accesses

made by the NONTRANSACTIONAL STORE instruction.

[00107] Transactional Execution Mode: The term transactional execution mode (a.k.a.,
transaction execution mode) describes the common operation of both the nonconstrained and
the constrained transactional execution modes. Thus, when the operation 1s described, the

terms nonconstrained and constrained are used to qualify the transactional execution mode.

[00108] When the transaction nesting depth 1s zero, the CPU 1s not 1n the transactional

execution mode (also called the non-transactional execution mode).
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[00109] As observed by the CPU, fetches and stores made 1n the transactional execution

mode are no different than those made while not 1n the transactional execution mode.

[00110] In onec embodiment of the z/Architecture, the transactional execution facility 1s
under the control of bits 8-9 of control register 0, bits 61-63 of control register 2, the
transaction nesting depth, the transaction diagnostic block address, and the transaction abort

program status word (PSW).

[00111] Following an mitial CPU reset, the contents of bit positions 8-9 of control register
0, bit positions 62-63 of control register 2, and the transaction nesting depth are set to zero.
When the transactional execution control, bit 8 of control register 0, 1s zero, the CPU cannot

be placed into the transactional execution mode.
[00112] Further details regarding the various controls are described below.

[00113] As indicated, the transactional execution facility 1s controlled by two bits 1n

control register zero and three bits in control register two. For mstance:

[00114] Control Register 0 Bits: The bit assignments are as follows, 1n one

embodiment:

[00115] Transactional Execution Control (TXC): Bit 8 of control register zero 1s the
transactional execution control. This bit provides a mechanism whereby the
control program (¢.g., operating system) can indicate whether or not the

transactional execution facility 1s usable by the program. Bit & 1s to be one to

successfully enter the transactional execution mode.

[00116] When bit 8 of control register 0 1s zero, attempted execution of the
EXTRACT TRANSACTION NESTING DEPTH, TRANSACTION BEGIN
and TRANSACTION END instructions results 1in a special operation

execution.

[00117] One embodiment of a format of an EXTRACT TRANSACTION NESTING
DEPTH (ETND) instruction 1s described with reference to FIG. 8. As one
example, an EXTRACT TRANSACTION NESTING DEPTH 1nstruction 800

includes an opcode field 802 specifying an opcode that indicates the extract
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transaction nesting depth operation; and a register field Ry 804 that designates

a general register.

The current transaction nesting depth 1s placed 1n bits 48-63 of general
register Ry. Bits 0-31 of the register remain unchanged, and bits 32-47 of the

register are set to zero.

In a further embodiment, the maximum transaction nesting depth 1s also

placed 1n general register Ry, such as in bits 16-31.

In one embodiment, the EXTRACT TRANSACTION NESTING DEPTH
instruction enables a nonconstrained transaction to inspect the current
transaction nesting depth value and store 1ts value 1n a register. The current
nesting depth value 1s maintained in an internal CPU counter. During
nonconstrained transaction mode, when a TBEGIN 1s executed without an
intervening TEND, the counter 1s incremented. This counter may be of
interest to the program, both 1n determining proper code sequencing, and for

diagnostic purposes.

In one embodiment, a special operation exception 1s recognized and the
operation 1s suppressed 1f the transactional execution control, bit 8 of control

register 0, 18 zero.
Condition Code: The code remains unchanged.

Program Exceptions:

. Operation (transactional-execution facility not installed)
. Special operation
. Transaction constraint (due to restricted mstruction)

Note: A transaction nesting depth of zero indicates that the CPU 18 not in the

transactional-execution mode.
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[00128] Transaction Execution Program Interruption Filtering Override (PIFO): Bit 9
of control register zero 18 the transactional execution program interruption
filtering override. This bit provides a mechanism by which the control
program can ensure that any program exception condition that occurs while
the CPU 1s 1n the transactional execution mode results 1n an interruption,

regardless of the effective program interruption filtering control specified or

implied by the TRANSACTION BEGIN instruction(s).
[00129] Control Register 2 Bits: The assignments are as follows, 1n one embodiment:

[00130] Transaction Diagnostic Scope (TDS): Bit 61 of control register 2 controls the
applicability of the transaction diagnosis control (TDC) 1n bits 62-63 of the

register, as follows:

|00131] TDS

Value Meaning

0 The TDC applies regardless of whether the CPU 1s 1n the problem or

supervisor state.

1 The TDC applies only when the CPU 1s 1n the problem state. When
the CPU 1s 1n the supervisor state, processing 1s as 1f the TDC

contained zero.

[00132] Transaction Diagnostic Control (TDC): Bits 62-63 of control register 2 are a
2-bit unsigned integer that may be used to cause transactions to be randomly
aborted for diagnostic purposes. The encoding of the TDC 1s as follows, 1n

one example:

100133] TDC

Value Meaning
0 Normal operation; transactions are not aborted as a result of the TDC.

1 Abort every transaction at a random 1nstruction, but before execution

of the outermost TRANSACTION END instruction.
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2 Abort random transactions at a random instruction.

3 Reserved

[00134] When a transaction 1s aborted due to a nonzero TDC, then either of the following

may OCcCur:

[00135] o The abort code 1s set to any of the codes 7-11, 13-16, or 255, with the
value of the code randomly chosen by the CPU; the condition code 1s
set corresponding to the abort code. Abort codes are further described
below.

[00136] o For a nonconstrained transaction, the condition code 18 set to one. In

this case, the abort code 1s not applicable.

[00137] It 1s model dependent whether TDC value 1 1s implemented. If not implemented,

a value of 1 acts as i1f 2 was specified.

[00138] For a constrained transaction, a TDC value of 1 1s treated as 1f a TDC value of 2

was specified.
[00139] If a TDC value of 3 1s specified, the results are unpredictable.

|00140] Transaction Diagnostic Block Address (TDBA)

[00141] A valid transaction diagnostic block address (TDBA) 1s set from the first operand
address of the outermost TRANSACTION BEGIN (TBEGIN) instruction when the B, field
of the 1nstruction 1s nonzero. When the CPU 1s 1n the primary space or access register mode,
the TDBA designates a location in the primary address space. When the CPU 1s 1n the
secondary space, or home space mode, the TDBA designates a location 1n the secondary or

home address space, respectively. When DAT (Dynamic Address Translation) 1s off, the

TDBA designates a location 1n real storage.

[00142] The TDBA 1s used by the CPU to locate the transaction diagnostic block — called
the TBEGIN-specified TDB — 1f the transaction 1s subsequently aborted. The rightmost
three bits of the TDBA are zero, meaning that the TBEGIN-specified TDB 1s on a

doubleword boundary.
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[00143] When the B, field of an outermost TRANSACTION BEGIN (TBEGIN)

instruction 18 zero, the transactional diagnostic block address 1s invalid, and no TBEGIN-

specified TDB 1s stored 1f the transaction 1s subsequently aborted.
[00144] Transaction Abort PSW (TAPSW)

[00145] During execution of the TRANSACTION BEGIN (TBEGIN) instruction when
the nesting depth 1s initially zero, the transaction abort PSW 1s set to the contents of the
current PSW; and the instruction address of the transaction abort PSW designates the next
sequential instruction (that 1s, the instruction following the outermost TBEGIN). During
execution of the TRANSACTION BEGIN constrained (TBEGINC) instruction when the
nesting depth is initially zero, the transaction abort PSW 1s set to the contents of the current
PSW, except that the instruction address of the transaction abort PSW designates the
TBEGINC 1nstruction (rather than the next sequential instruction following the TBEGINC).

[00146] When a transaction 1s aborted, the condition code 1n the transaction abort PSW 1s
replaced with a code indicating the severity of the abort condition. Subsequently, if the

transaction was aborted due to causes that do not result in an interruption, the PSW 1s loaded
from the transaction abort PSW; if the transaction was aborted due to causes that result in an

interruption, the transaction abort PSW 1s stored as the interruption old PSW.

[00147] The transaction abort PSW 1s not altered during the execution of any mner
TRANSACTION BEGIN 1nstruction.

[00148] Transaction Nesting Depth (TND)

[00149] The transaction nesting depth 1s, for instance, a 16-bit unsigned value that 1s
incremented each time a TRANSACTION BEGIN 1nstruction 1s completed with condition
code 0 and decremented each time a TRANSACTION END instruction 1s completed. The

transaction nesting depth 1s reset to zero when a transaction 1s aborted or by CPU reset.
[00150] In one embodiment, a maximum TND of 15 1s implemented.

[00151] In one implementation, when the CPU 1s 1n the constrained transactional

execution mode, the transaction nesting depth 1s one. Additionally, although the maximum
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TND can be represented as a 4-bit value, the TND 1s defined to be a 16-bit value to facilitate

its mspection 1n the transaction diagnostic block.

[00152] Transaction Diagnostic Block (TDB)

[00153] When a transaction 1s aborted, various status information may be saved 1n a

transaction diagnostic block (TDB), as follows:

[00154] 1. TBEGIN-specified TDB: For a nonconstrained transaction, when the B,
ficld of the outermost TBEGIN 1nstruction 1s nonzero, the first operand
address of the instruction designates the TBEGIN-specified TDB. This 1s an
application program specified location that may be examined by the

application’s abort handler.

[00155] 2. Program-Interruption (PI) TDB: If a nonconstrained transaction 1s aborted
due to a non-filtered program exception condition, or if a constrained
transaction 1s aborted due to any program exception condition (that 1s, any
condition that results in a program interruption being recognized), the PI-
TDB 1s stored into locations 1n the prefix arca. This 1s available for the
operating system to mspect and log out 1n any diagnostic reporting that it may

provide.

[00156] 3. Interception TDB: If the transaction 1s aborted due to any program
exception condition that results 1n interception (that 1s, the condition causes
interpretive execution to end and control to return to the host program), a
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