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DEFINITION
In the context of shared-memory systems, the memory model specifies the values that a shared-memory read
in a program may return. It is part of the interface between a shared-memory program and any hardware or
software that may transform that program – it specifies both the possible behaviors of the memory accesses
for the programmer and constrains the legal transformations and executions for the implementer.
For high-level language programs, the memory model describes the behavior of accesses to shared variables or heap objects, while for machine code, the memory model describes the behavior of hardware instructions that access shared memory. Without an unambiguous memory model, it is not possible to reason
about the correctness of a shared-memory program, compiler, dynamic optimizer, or hardware.

DISCUSSION
Sequential Consistency
In a single thread program, a read is expected to return the value of the last write to the same address, where
last is uniquely defined by the program text or program order. This allows the programmer to view the
memory accesses as occurring one at a time (atomically) in program order. It also allows the hardware or
compiler to aggressively reorder memory accesses as long as program order is preserved between a write and
other accesses to the same address as the write.
A natural extension for shared-memory programs is the sequential consistency memory model [Lam79]
which offers simple interleaving semantics. With sequential consistency, all memory accesses appear to be
performed in a single total order preserving the program order of each thread. Each read access to a memory
location yields the value stored by the last preceding write access to the same memory location. Although
sequential consistency appears to be an appealing programming model, it suffers from two deficiencies:
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• It can be difficult or inefficient to implement. Hardware often makes memory accesses visible to other
threads out of order, for example by buffering stores. Compilers often do the same, for example, by
moving an access to a loop-invariant variable out of the loop. Unlike with single-threaded programs,
these optimizations can be observed by the program, and may thus violate sequential consistency for
multithreaded programs.
• The definition of sequential consistency is based on the interleaving of individual memory accesses,
and is thus only meaningful if the programmer understands how memory is accessed; e.g., a byte vs.
a word at a time. This is sensible at the machine architecture level, but may not be realistic at the
programming language level.

Relaxed Memory Models
Recognizing the limitations of sequential consistency, more relaxed or weak memory models have been proposed. Until the late 1990’s, most of this work was in the context of hardware instruction set architectures and
implementations. These implementation-centric models are mostly driven by specific optimizations desirable
for hardware. The most common class relaxes the program order requirement of sequential consistency. For
example, the SPARC Total Store Order (TSO) [WG94] and the x86 models [Cor10b] allow reordering a write
followed by a read (to a different location) in program order. The IBM PowerPC memory model [Cor10a]
allows reordering both reads and writes (to different locations). Such models additionally provide various
forms of fence instructions to enable programmers to explicitly impose program orders not guaranteed by
default. Other optimizations exploited by such models include subtle relaxations of the memory model to
allow writes from multiple threads to become visible in inconsistent orders to different observer threads, as
well as the ability to make memory references visible to other threads out of order even if a data- or controldependence exists between the references. Although most of the work on this genre of implementationcentric models is in the context of hardware, some programming environments such as OpenMP 3.0 [The08]
also express their memory models in terms of fence instructions to ensure explicit program ordering.
These relaxed models provide performance benefits over sequential consistency (through both hardware
and compiler optimizations), but are inappropriate as programming interfaces. They often require description
of subtle interactions and/or are not well-matched to software requirements, making them too complex to
reason and/or sub-optimal for performance.

The Data-Race-Free Memory Models
The data-race-free models [AH90, Adv93] (also referred to as properly labeled models [Gha95]) take a
programmer-centric approach. They observe that good programming practice requires programs to be wellsynchronized or data-race-free. In such programs, concurrent non-read-only accesses to the same variable
are either explicitly marked as synchronization or are separated by explicit synchronization. This ensures
that no thread can ever observe another thread between synchronization points, allowing the implementation
to aggressively transform code between synchronization points while still maintaining the appearance of
sequential consistency.
The data-race-free models formally define the notion of data-race-free programs and guarantee sequential
consistency only for those programs. For full implementation flexibility, they do not provide any guarantees
for programs that contain data races. This approach allows nearly standard optimizations, while providing
a simple model for programmers and was the approach adopted by the Ada programming language [Uni83]
and the POSIX standard [IT01] (albeit informally).
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State-of-the-art in 2010
In the last decade, there has been much work to standardize high level language programming models, specifically in the context of Java and C++. There is now convergence towards data-race-free as the model of
choice. For all practical purposes, the Java memory model [MPA05, PtJEG09] and the upcoming C and C++
standards [C++10, BA08] provide the data-race-free model, but with two unfortunate caveats.
First, Java’s safety and security properties require that some semantics need to be provided for all programs, including programs with data races. It has been extraordinarily difficult to develop reasonable semantics for racy programs, while still preserving full implementation flexibility. The current formal specification
of the Java memory model is therefore quite complex and has an unresolved bug.
Second, although data-race-free maps well to current implementation-centric hardware models for most
purposes, there are useful programming idioms where available hardware level fences are too heavyweight
for language-level synchronization mechanisms. For this reason, Java and C++ provide low-level synchronization constructs that provide potentially better performance on some current hardware, but at the cost of
significant complexity to the programming model.
Although most language specifications are converging to the data-race-free model, current implementations often lag. In particular, it is still quite common for C and C++ compilers to effectively introduce copies
of an otherwise unmodified variable to itself, for example by overwriting adjacent structure fields when a
small field is modified [Boe05]. These can introduce visible data races, and are hence incompatible with the
model.
In summary, although data-race-free provides the best tradeoff between performance and ease-of-use
today, it falls short for safe languages and current implementations.

Further Reading
A more complete overview and retrospective on memory models is provided in [AB10]. It also surveys
some possible approaches for overcoming the deficiencies of current data-race-free models. A tutorial on
hardware-oriented relaxed memory models can be found in [AG96]. A description of the x86 hardware
memory model, together with a discussion of some of the issues arising in precisely defining such models, is
given in [SSO+ 10].
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