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The IBM z/Architecture™ instruction set
architecture (ISA) is an extension of the

IBM Enterprise Systems Architecture/390°
(ESA/390) ISA and features 64-bit general
registers, 64-bit operations, and 64-bit virtual
and real addressing. In addition, z/Architecture
includes new instructions to optimize the
handling of modern multi-byte character
encodings and to improve the performance of
programs written in high-level languages. It
provides compatibility for ESA/390 application
programs and increases the ease of
development of new application programs.
This paper presents an overview of the
interesting aspects of z/Architecture and some
of the associated decisions and tradeoffs
made in its development.

Introduction

In early 1996, it was determined that the ESA/390
architecture had to be extended to provide 64-bit
capabilities. At that point, ESA/390 could support large
system images with more than two gigabytes of processor
storage by augmenting the maximum of two gigabytes

of main storage with additional gigabytes of expanded
storage. Yet, the need for more main storage and larger
address spaces was seen in the not-too-distant future.
Some other platforms had already delivered 64-bit-capable
systems, and it had been announced that others would
be doing so. The extension to ESA/390, which was called
z/Architecture®, was announced by IBM in October 2000.
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Before presenting an overview of the z/Architecture, we
summarize some history of predecessor architectures on
which it is based.

Addressing and other history

The z/Architecture [1] continues a succession of
architectures for IBM’s large computers: the System/360*
(1964), System/370* (1970), System/370 Extended
Architecture (370-XA, 1983), Enterprise Systems
Architecture/370* (ESA/370, 1988), and Enterprise
Systems Architecture/390* (ESA/390, 1990) [2] ISAs.
The principal evolutionary trait of the processor-related
advances in this series has been an increase in both the
storage usable by an individual application program and
the main storage that can be attached to a model and
shared by many programs being executed concurrently.
The z/Architecture increases the 31-bit virtual and real
(for main storage) address sizes of 370-XA, ESA/370,
and ESA/390 to 64 bits, a size large enough to address
approximately 1.8 X 10" bytes (16 exabytes) of either a
single virtual address space or the total main storage of
the machine. This is 1.1 X 10" times as much storage
as is supported by ESA/390!

In System/360 through ESA/390, addressing proceeded
from 24 bits to 31 bits for all addresses, with transitional
support for 26-bit addressing of main storage. The dual-
address-space facility initiated in System/370 and the
access registers initiated in ESA/370 increased addressing
horizontally by allowing multiple address spaces to be
addressed concurrently. The architectures leading to
ESA/370 are discussed in References [3-6], and ESA/370
is discussed in Reference [7].
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System/360
System/360 and its successors through ESA/390 contain 16
32-bit general registers (GRs) used as accumulators and
as base and index registers for addressing. System/360
supported 24-bit effective addresses, allowing programs
to access 16 megabytes of main storage. Several forms of
address specification were provided in the instruction set,
the most general of which used a 12-bit displacement in
the instruction along with the contents of a base GR and
an index GR, with each GR specified by a four-bit field in
the instruction. A typical instruction using this “D(X, B)”
address calculation uses the RX instruction format, as
shown in Figure 1. As an example, an ADD instruction in
this format forms the operand address as the sum of D,,
the contents of GR B,, and the contents of GR X,; reads
four bytes from storage at that address; adds this value to
the contents of GR R; and writes the result into GR R,.
The principal controlling element of System/360 and its
successors is the program status word (PSW), a 64-bit
(before z/Architecture) register containing the current
instruction address and other control information. The
instruction address in the PSW is advanced during
sequential instruction execution and is replaced by the
branch-target address when a branch is taken. The entire
PSW is stored and replaced during an interruption. The
PSW formats for System/360 through ESA/390 are shown
in Figure 2. Among the controls in the PSW is a bit (P)
which controls whether the processor is in the problem
state or the supervisor state. Certain system-control
instructions, such as those for input/output operations,
are classified as privileged and may be executed only in
the supervisor state.

System/370 and DAT

The System/360 architecture was extended in System/370
by adding 16 32-bit control registers (CRs) and by
supporting virtual storage accessed by means of virtual
addresses. The virtual storage was mapped to real storage
(a synonym for main storage, except for the effects of
prefixing, as described below) by means of dynamic address
translation (DAT). In System/370 and its successors, an
instruction or operand address used by the program may
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be either real or virtual, with a bit (T) in the PSW
controlling this for most addresses.

In System/370, the virtual storage consists of 64KB
or 1MB units designated as segments and, within each
segment, 2KB or 4KB units designated as pages, with
these variations controlled by bits in CR0. Only the
1MB segments and 4KB pages are discussed here, since
these became standard beginning with 370-XA. Address
translation is performed on a page basis, with each virtual
page being mapped to a page frame of real storage.

The DAT process for System/370 is illustrated in
Figure 3. The address translation is performed by means
of a lookup in segment and page tables. The segment-table
designation (STD), which is contained in a CR, specifies
the address of the segment table. The segment index (the
four-bit high-order part of the virtual address) selects one
entry from this table, which contains the address of the
page table. The page index (the next eight bits of the
virtual address) selects an entry from the page table,
which contains the page-frame real address. A 12-bit
byte offset (the low-order part of the virtual address) is
appended to the page-frame real address to form the
resulting real address, which is then used to access
storage. If the page-table entry is marked as invalid,
indicating that the virtual page is not currently backed
in real storage, the control program is signaled by an
interruption that it must allocate a real page frame for
that page and copy the current contents of that page
(e.g., from disk storage) into that real page frame. Other
exceptional conditions encountered during DAT also are
reported to the control program by interruptions.

Prefixing and extended real addressing
The System/370 architecture was also enhanced to support
multiprocessing, allowing multiple processors to share
main storage under the control of a single operating
system. This required the introduction of prefixing to avoid
conflicts among the processors in the use of real page
frame 0, which is used for interruption processing. With
prefixing, each processor has a prefix register specifying a
unique 4KB block in main storage, which that processor
will use as its real page frame 0, also known as its prefix
area. Any reference by a processor to a real address in
page frame 0 will be directed instead to that processor’s
prefix area; conversely, any reference by a processor to a
real address in which the page-frame address matches the
contents of the processor’s prefix register will be directed
instead to main-storage page frame 0. A real address to
which prefixing has been applied is known as an absolute
address; this is the type of address actually used by the
hardware to access main storage.

Later, the System/370 architecture was further enhanced
by extending the page-frame real address by two bits. This
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PSW formats for System/360 through ESA/390.

provided a 26-bit real address and allowed attachment of
up to 64 MB of main storage.

Dual-address-space facility

The dual-address-space facility was added to the
System/370 architecture to allow an application program,
in a controlled manner, to operate on two address spaces
concurrently and to pass control between one address
space and any of many other address spaces. These
different address spaces might be separate to achieve
protection through isolation (since a virtual address of one
space normally does not map to a real address for another
space) or because of differing degrees of authority. The
dual-address-space facility provided for two active STDs
(“primary” and “secondary”) in separate CRs (CR1 and
CR7) and defined an address-space-control bit in the PSW
to select between primary and secondary address-space
modes. In these modes, instructions are in the primary
address space, and operands are in the primary or
secondary address space, as determined by the mode.
Special instructions were added to move data between

the primary and secondary address spaces, to change the
address-space-control bit, and to transfer control from

one address space to another. A target address space is
identified by an address-space number (ASN). The ASN
selects an ASN-second-table entry (ASTE) containing

an STD that is loaded into CR1 as its new primary STD
during the transfer of control. The dual-address-space
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facility and the enhancements to it introduced in ESA/370
are extensively described in Reference [7].

370-XA and 31-bit addressing

The 370-XA architecture introduced 31-bit virtual and real
addressing. A bit (A) in the PSW was defined to specify
whether effective addresses were 24 or 31 bits in size. To

support this, DAT was extended by enlarging the page- 369
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table entry to four bytes and the segment index to 11 bits.
The instruction address in the PSW was also extended to
31 bits. New instructions were added to allow a program
to switch between addressing modes: Branch and save and
set mode (BASSM) and branch and set mode (BSM) use
bit 0 of the branch-address GR to control the addressing
mode after the branch. BASSM and BSM also save the
old addressing mode in bit position 0 of a GR along with
either the saved return address (BASSM) or a specified
address (BSM). The dual-address-space instructions
program call and program transfer were extended to
support addressing-mode changes across program
boundaries. The ability to change the addressing mode
made it possible to mix 24-bit and 31-bit programs,
allowing software reuse and accelerating the exploitation
of 31-bit addressing. This ability, along with some lesser
compatibility issues, was the rationale for defining 370-XA
with 31-bit rather than 32-bit addressing. The success of
this approach to compatibility and to mixing addressing
modes greatly influenced the 64-bit addressing design for
z/Architecture.

Expanded storage

The architecture was also extended to include a new form
of electronic storage known as expanded storage. This was
addressable in 4KB blocks through the use of a 32-bit
block number by special privileged instructions. The
expanded storage was originally intended to bridge

the gap in cost and density between main storage and
magnetic media; later it provided a means to relieve the
performance constraint imposed by the 31-bit real-address
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size by serving as a high-speed backing store for paging
and for large data buffers.

ESA/370

The ESA/370 architecture retained the address size and
other attributes of 370-XA, added 16 new 32-bit access
registers, and extended the address-space control to two
bits to support two additional translation modes: home-
space mode and access-register mode. In the home-space
mode, instruction and operand addresses are translated
using the home STD in CR13. This was originally used
by the ESA/370 control program (MVS*) and now is used
also for Linux** application programs. In the access-register
(AR) mode, instructions are in the primary address
space, and operands are in AR-specified address spaces.
The instruction field specifying a base GR for address
generation for a storage operand also selects the same-
numbered access register. The access register is loadable
by the application program and contains an access-list-
entry token (ALET) that designates, by means of an
access-list-entry number (ALEN) an entry in an access
list. The access-list entry in turn points to an ASTE
which contains an STD that is used by DAT to translate
the virtual address for the storage-operand access. Special
ALET values are defined as designating the current
primary STD and current secondary STD. This
architecture allows a program to associate a different
address space with each base register used for storage-
operand accesses. The mapping of ALETSs to STDs, known
as access-register translation, is depicted in Figure 4. This
mapping allows for precise control of access to shared
address spaces by various programs as well as
simultaneous and efficient access to multiple address
spaces by a single program.

ESA/390

ESA/390 initially was little changed from ESA/370. Over
time, a number of features were added to ESA/390 which
are not germane to this paper; these are described in
detail in Reference [2].

Architectures and compatibility

It should be noted that a hallmark of the z/Architecture
family is that it has provided, in its succession of
architectures, upward compatibility for application
programs. That is, if a program could be executed
successfully by a machine that implemented an old
architecture, it could also be executed successfully on

a different machine built to conform to a replacement
architecture. Such compatibility is crucial to mainframe
customers since it guarantees that upgrading to the next
machine will not render their application software
obsolete. Preserving this characteristic was a key challenge
in the development of the 64-bit z/Architecture.
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This compatibility has not necessarily applied to
a control program. The architecture of System/370
supported both “basic control” (System/360) and
“extended control” (including CRs and DAT) modes of
operation. The 370-XA architecture dropped the basic-
control mode and changed the DAT-table formats, thus
requiring changes to the control program. From 370-XA
to ESA/370 to ESA/390, upward compatibility was
maintained for control programs as well as for application
programs. Although z/Architecture provides compatibility
for ESA/390 application programs, it does not do so for
control programs because of its changes to the DAT tables
and other, lesser changes.

To minimize customer impact, the 370-XA machines up
through the early ESA/390 machines were designed such
that they could also operate in the System/370 mode. The
architectural mode was established by Licensed Internal
Code during machine initialization, known as initial
machine load (IML).

Creating a 64-bit architecture and more

As might be expected of any 64-bit architecture,
z/Architecture includes 64-bit general registers, 64-bit
control registers, 64-bit real addressing, 64-bit virtual
addressing, and instructions to operate on 64-bit binary
integers. The z/Architecture also contains additional new
instructions and facilities that facilitate modern e-business
computing. The primary concern in extending ESA/390 to
create z/Architecture was the need to maintain complete
compatibility for application programs and nearly
complete compatibility for middleware, tools, and

utility programs. Nearly as important was to create an
architecture which made it easy for programmers to
selectively exploit a subset of the new capabilities without
having to totally reprogram in order to use all of the new
capabilities.

Access register/general register pairs vs.
64-bit general registers

In the late 1980s, an architecture proposal was made
which would allow for the creation of and access to virtual-
storage objects larger than two gigabytes. The intention
was to accommodate large arrays in FORTRAN. The
proposal would allow multiple 2GB spaces to be put
together into a seamless address range using the access
registers in a novel way. Some of the bits in the ALET
(specifically, the ALEN) would, in a new addressing mode,
be appended to the left of the 32 bits in the corresponding
general register to create a 48-bit virtual address; bits
16-32 of this address, which might include a carry from
bit 31 resulting from a D(X, B) addition, would then
select an access-list entry specifying one of possibly many
concatenated 2GB address spaces. The proposal also
provided for 64-bit arithmetic instructions, operating on

IBM J. RES. & DEV. VOL. 46 NO. 4/5 JULY/SEPTEMBER 2002

AR/GR pairs, by using two-byte prefixes placed in front of
existing ESA/390 32-bit arithmetic instructions. The
proposal had an important advantage: It did not create
additional process-state information that had to be saved
and restored across context switches and program
linkages. This was an important consideration because of
the performance cost of saving and restoring additional
state information and because program changes are
required in order to perform the saving and restoring.
Nonetheless, this approach had to be dropped because it
was not general enough. Since it used the access register
to contain part of the address, it would not have been
possible to access locations above two gigabytes while in
the access-register mode. This capability would be needed
by many operating-system elements that often access data
in user address spaces while in the access-register mode.
Also, it provided only 48 bits of addressability, while
competitors were providing or would provide 64 bits.

It was therefore decided that, despite the additional
expenses, extending the 32-bit general registers to 64 bits
would produce a better overall architecture than the use
of AR/GR pairs. Shortly thereafter it was also decided,
for reasons of simplicity, that all 16 control registers also
should be extended to 64 bits, rather than extending only
those which had to contain large addresses.

Modal vs. non-modal instruction-set
architecture

One approach for extending an instruction-set architecture
to 64-bit functionality is to create a new execution mode
in which all addresses are 64 bits and all register operands
are 64 bits. This allows reuse of most or all existing
instructions, but it has the disadvantage of combining 64-
bit addressing and 64-bit operations into a single option.
This was deemed to be too disruptive an approach for this
platform, given the strong requirement for application-program
compatibility and the need for new 64-bit programs to
inter-operate with existing 32-bit programs. There are also
many programs that may want 64-bit addressing but prefer
to continue to work with 32-bit integers and, conversely,
many programs that could benefit from 64-bit arithmetic
operations but have no need for 64-bit addressing.
Therefore, in z/Architecture, the concepts of addressing
mode and operand width are separated. The addressing
mode is determined by bits in the PSW, while the operand
width is determined by the instruction operation code. It
is possible for a program to perform 64-bit arithmetic
while being executed in the 31-bit addressing mode, and it
is also possible to perform 32-bit arithmetic while being
executed in the 64-bit addressing mode.

This approach provides the maximum flexibility to
programmers (and compilers) in choosing when and how
to take advantage of 64-bit capabilities. The cost of this
approach is the introduction of about a hundred new

K. E. PLAMBECK ET AL.

371



372

instructions to perform operations analogous to operations
already performed on 32-bit operands by existing ESA/390
instructions. The instruction set of z/Architecture contains
a new instruction to perform the 64-bit analog of almost
every 32-bit arithmetic or logical operation provided by
the ESA/390 instruction set. It also provides many
additional arithmetic instructions that operate on one
32-bit operand and one 64-bit operand. These mixed-
precision instructions are defined to make it easier to
manage preexisting 32-bit data in a new 64-bit program.

We use the term non-modal to describe a situation
in which instruction operation is defined solely by the
instruction operation code and not by the addressing
mode. The term modal is used when the operation of an
instruction depends not only on the operation code but
also on the current addressing mode. Almost all of the
instructions of z/Architecture are non-modal and perform
operations which are not influenced by the current
addressing mode, other than the effect that the addressing
mode has on locating operands in storage. However,
z/Architecture does define a number of instructions for
which the operation is influenced by the addressing mode.
These instructions behave differently in the 24- and 31-bit
addressing modes than they do in the 64-bit addressing
mode. These instructions all return storage addresses in
general registers. In the 24- or 31-bit addressing mode,
they return a 24- or 31-bit address in the low-order half
of the register and leave the upper half unchanged. In the
64-bit addressing mode, they return a full 64-bit address in
the register. New instructions for the 64-bit behavior of
these instructions were not introduced because the 64-bit
behavior is not useful in the 24- or 31-bit addressing
mode, nor is the 24- or 31-bit behavior useful in the
64-bit addressing mode. In a sense, each of these modally
defined instructions comprises two instructions that share
an operation code, each providing the appropriate
behavior for the addressing mode in which it is executed.
Many of the modally defined instructions also have
length values in general registers. In the 24- and 31-bit
addressing modes, these are 24- or 31-bit lengths in the
low-order half of the general register. In the 64-bit
addressing mode, they are 64-bit lengths.

To realize the full benefit of the non-modal approach to
the instruction set, the operation of the existing (ESA/390)
instructions in the z/Architecture mode was carefully
defined such that an ESA/390 program being executed in
the z/Architecture mode could not accidentally change any
processor state which did not exist in ESA/390. Thus, not
only do the ESA/390 32-bit instructions use 32-bit
operands and operations, but also the results of these
instructions modify only the low-order 32 bits of GRs,
leaving the high-order 32 bits unchanged. Thus, a program
being executed in the 64-bit addressing mode can call an
old program to be executed in the 24- or 31-bit addressing
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mode without concern that the left halves of the GRs will
be changed and then not restored (which assumes, of
course, that the old program does not use the new
instructions having 64-bit operands). Leaving the left
halves of the GRs unchanged does impose some
additional complexity on the execution hardware,
particularly in the register-file design.

To facilitate branching between programs executed in
different addressing modes including the 64-bit mode,
z/Architecture extends the branch and save and set mode
(BASSM) and branch and set mode (BSM) instructions
so that a 1 in bit position 63 of the branch-address GR
causes setting of the 64-bit addressing mode; when bit 63
is 0, bit 32 of the GR causes setting of the 24- or 31-bit
addressing mode as in ESA/390. When bit 63 is 1, the
branch address is generated as if the bit were 0 (because
instructions are necessarily on halfword boundaries), but
the bit is left 1 to indicate that the addressing-mode
change occurred and, therefore, the addressing mode
must be restored during the return linkage by using
BSM instead of an unconditional branch on condition
instruction. Similarly, BASSM and BSM set bit 63 of the
return-address register to 1 when executed in the 64-bit
addressing mode.

Instruction prefixes vs. split operation codes
The decision to add so many new instructions to
z/Architecture created a problem. Since the roots of
z/Architecture are more than 35 years old, it is difficult to
find operation codes for so many new instructions. The
idea to use instruction prefixes, as had been done in the
1980s proposal, was tempting. However, the problems
that instruction prefixes present to processor design and
software debugging required a different solution. A
number of the few remaining one-byte operation codes
would be used, along with another byte that could take
values from 0 to 255, to create a large number of two-byte
operation codes. The base architecture has had two-byte
operation codes since the introduction of the System/370
architecture in the early 1970s. However, the approach
taken then of using the first two bytes of the instruction
for the operation code creates some difficulties. First, the
base architecture defines an execute instruction that allows
a target instruction to be executed with a temporary
modification of the second byte of the instruction. If the
second byte of an instruction is defined as part of the
operation code, it cannot profitably be used as the

target of the execute instruction, because any temporary
modification of that byte would cause the execution of a
completely different instruction. Also, it is advantageous
to processor design if certain specifications within the
instruction appear at the same relative location for
instructions with two-byte operation codes as for
instructions with one-byte operation codes. Therefore,
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