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Abstract

The physical register file is an important component of a
dynamically-scheduled processor. Increasing the amount of par-
allelism places increasing demands on the physical register file,
calling for alternative file organization and management strate-
gies. This paper considers the use of value locality to optimize the
operation of physical register files.

We present empirical data showing that: (i) the value produced
by an instruction is often the same as a value produced by another
recently executed instruction, resulting in multiple physical regis-
ters containing the same value, and (ii) the values 0 and 1 account
for a considerable fraction of the values written to and read from
physical registers. The paper then presents three schemes to ex-
ploit the above observations.

The first scheme extends a previously-proposed scheme to use
only a single physical register for each unique value. The second
scheme is a special case for the values 0 and 1. By restricting opti-
mization to these values, the second scheme eliminates many of the
drawbacks of the first scheme. The third scheme further improves
on the second, resulting in an optimization that reduces physical
register requirements with simple micro-architectural extensions.
A performance evaluation of the three schemes is also presented.

1 Introduction

The physical register file is an important component of
the micro-architecture of a modern dynamically-scheduled
processor. As processors exploit more instruction level par-
allelism, even more demand is placed on the physical regis-
ter file: larger instruction windows require storing the result
of more instructions in the register file, and wider instruc-
tion issue requires higher bandwidth access to the stored
values. A straightforward approach to these demands is to
make the physical register file larger to hold the results of
more instructions (typically a physical register for each out-
standing instruction that creates a value) and add more read
and write ports to provide additional bandwidth. This ap-
proach results in large, monolithic storage arrays, and has
several disadvantages. The register file size grows linearly
with the number of registers, and greater than linearly with
increase in read and write ports [7]. Wire lengths increase

with the storage array size, increasing access latency. The
increased access latency complicates bypass paths, adding
multiple levels of bypass to functional units. It also in-
creases branch mis-prediction penalty, capacity pressure on
the register file and register lifetime. In short, increased
latency generally results in degraded performance, making
the brute-force scaling of a physical register file an undesir-
able design choice.

The lack of scalability of monolithic storage arrays has
led processor architects to explore alternative designs for
implementing a physical register file. The basis for these
alternative designs is the exploitation of locality: patterns in
references made to the register storage. Two forms of local-
ity have received a lot of attention: (i) locality of access, and
(ii) locality of communication. Localities of access have
been used to design hierarchical register files [1, 18] and
register caches [14, 21]. Localities of communication have
been used to design clustered [2, 6, 10] and banked register
files [5, 15, 19].

To date most proposals for alternative register files have
been concerned with implementations that can provide a
requisite amount of storage with desired latency and band-
width characteristics. An orthogonal approach for physical
register design is to make more efficient use of the storage
by changing the storage management strategy. Pioneering
work by González et al. proposed the concept of virtual-
physical (VP) registers [8, 12]. VP registers make more ef-
ficient use of the physical register storage by delaying the
allocation of a physical register until the time the value is
ready, as opposed to the time the architectural register is re-
named in the conventional management strategy. Following
up on the concept of VP registers, Jourdan et al., proposed
an alternative scheme for the efficient use of physical regis-
ters [9]. This scheme exploits the fact that the same value
might be present in multiple physical registers at the same
time (i.e., a form of value locality), and proposes to elimi-
nate this duplication by using only a single physical register
for a given value.

This paper further explores the use of value locality and
alternative storage management strategies to optimize the
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design of a physical register file. We start out by character-
izing the form of value locality that we are interested in and
empirically evaluating its magnitude. Our first observation
(not new) is that a given value is frequently present in more
than one physical register simultaneously. We exploit this
observation with Physical Register Reuse, a scheme that is
similar in spirit to the scheme of Jourdan et al. [9] but differ-
ent in its details. This scheme, though conceptually elegant
and powerful, has practical limitations. Our second obser-
vation (new, we believe) is a special case of the first one:
of the values present in more than one physical register, 0’s
and 1’s are the most common. We exploit this observation
to come up with two new schemes for physical register man-
agement: Registerless Storage and Extended Registers and
Tags. They are special-case implementations of Physical
Register Reuse, and trade off the theoretical power of the
concept with the practicality of implementation.

The remainder of the paper is as follows: in section 2
we discuss the background and the general ideas behind our
proposed schemes. We describe our evaluation methodol-
ogy in section 3, and present value locality measurements in
section 4. In section 5, we discuss the different schemes for
alternate physical register file designs. We present evalua-
tions of these schemes in section 6. In section 7, we describe
related work, and we present our conclusions in section 8.

2 Background and General Idea

To set the stage for exploring alternatives for designing
a physical register file, we start out with a discussion of
value locality. We then discuss the purpose of register files
and the register rename map, making key observations that
could be exploited to devise alternate physical register file
designs. We then provide a brief introduction to our pro-
posed schemes for optimizing the use of physical registers.

2.1 The Phenomenon: Value Locality

Value locality has been the subject of extensive study in
recent years, and a variety of different types of value local-
ity have been identified. The most widely studied form con-
cerns the locality of values generated by different dynamic
instances of a static instruction. The work on value pre-
diction [11] exploits this locality to predict the outcome of
a dynamic instance of a previously observed static instruc-
tion. The work on instruction reuse [17] exploits the same
form of locality to reuse the result of a previous dynamic
instance of a static instruction.

The type of value locality that this paper investigates and
exploits is different. We are interested in the locality of the
results produced by the instructions in a dynamic window,
i.e., the results of one or more dynamic instances of instruc-
tions. This kind of value locality has very recently been ex-
ploited for value prediction [22]. Value-centric data cache

designs [20] also propose exploiting a similar form of local-
ity present in memory references.

We propose to exploit this form of value locality to re-
duce the storage requirements for the results of the instruc-
tions in a dynamic instruction window (i.e., physical regis-
ter requirements). We are also concerned with the preva-
lence of special values, namely 0 and 1, for which further
optimizations are possible.

2.2 The Enabler: Register Renaming

The purpose of a register file is to pass values from an
instruction that creates a value (a producer instruction) to
instructions that use the value (consumer instructions). The
logical register name space is used to link a producer in-
struction with its consumer instructions. Named storage is
used to hold the value created by the producer instruction,
and consumer instructions are directed to the storage asso-
ciated with the logical register to obtain the necessary value.

With physical registers, the process of passing values
from producer to consumer instructions is slightly differ-
ent. The logical register name space is still used to link
producer and consumer instructions, but the actual storage
for values is provided by a (typically larger) set of physical
registers. A register rename map provides a level of indi-
rection, redirecting accesses to a given logical register to a
particular physical register. In other words, the register re-
name map directs accesses for a given dynamic value to the
appropriate storage that contains the value.

The flexibility provided by the rename map is the key to
optimizing the use of storage that holds the dynamically-
created values. Different mapping strategies can be used
to provide different ways of storing values and different
ways of allowing consumer instructions to get the appro-
priate value. An early proposal for optimizing the use of
physical registers was the concept of virtual-physical regis-
ters [8,12]. Here a virtual name (a virtual-physical register)
is assigned to a value during the rename stage, but an actual
physical register (i.e., storage) is not allocated to hold the
value until it has been produced. Mapping tables are used
to redirect the virtual-physical register to the actual physical
register. The result is more efficient use of physical registers
since physical register storage is not allocated to a value un-
til the value actually exists (which is typically many cycles
after the corresponding instruction has been renamed).

Both a conventional physical register strategy as well
as a virtual-physical register strategy maintain a one-to-
one correspondence between instructions creating values
and storage elements used to hold the values. A conven-
tional physical register strategy allocates a storage element
for every value-producing instruction in flight, whereas a
virtual-physical strategy allocates a storage element for ev-
ery value-producing instruction that has actually produced
its value.

Proceedings of the 36th International Symposium on Microarchitecture (MICRO-36 2003) 
0-7695-2043-X/03 $17.00 © 2003 IEEE 



Front-end 64 KB Instruction cache, 64 KB gshare branch predictor, 64 entry return address stack. The front-end is
optimistic, and can fetch the full-width of the machine every cycle. All nops are removed without consuming
any machine resources.

Execution Core 4-wide machine with the number of instruction window entries decided according to physical register file size.
The pipeline depth is 14 stages. Available functional units include 4 simple integer units, 1 complex integer
unit, and 2 load/store ports, all fully pipelined. Separate register rename maps and physical register file. Queue-
based register free list management.

Memory Hierarchy First-level instruction and data caches are 2-way set-associative 64KB caches with 64 byte lines and a 3-cycle
access latency, including address generation. The L2 cache is a 4-way set-associative 2MB unified cache with
128-byte lines and 6-cycle accesses.

Table 1: Simulated processor parameters

One can conceive of alternate mapping strategies. One
such strategy could map the values produced by multiple in-
structions to a single storage element (assuming, of course,
that the values are the same), such as in [9]. Another strat-
egy could choose to not use a physical register to hold the
result of an instruction, providing some other means for
consumer instructions to get the appropriate values. Such
mapping strategies could permit the passing of values from
producer to consumer instructions to be carried out in ways
that reduce the burden on the physical register storage, and
are the crux of the novel physical register usage schemes
that we propose in this paper.

2.3 The Outcome: Novel Physical Register Usage

We propose three schemes to optimize the usage of phys-
ical registers. The proposed schemes reduce the physical
register requirements by eliminating or reducing the dupli-
cation of values. An overview of the schemes follows; de-
tails are presented in section 5.

In the first scheme, Physical Register Reuse, a single
physical register is used to hold a given value; multiple
instructions producing the same value have their destina-
tion logical registers mapped to the same physical register
(many-to-one mapping). This scheme is similar in spirit
to the scheme proposed by Jourdan et al. [9], but the pro-
posed implementation is different. This scheme reduces the
number of physical registers required to hold values since
it eliminates duplication, but requires a lot of hardware, is
very complicated, and is of questionable value. Nonethe-
less, it serves as a benchmark for comparing our other two
schemes which are much more practical, but only reduce
the duplication of values, not eliminate it entirely.

The second and third schemes optimize the storage
and communication of selected values only. While these
schemes could, in general, be used for arbitrary sets of se-
lected values, we focus on the two most common values,
namely 0 and 1. These schemes are based on the obser-
vation that the full functionality of a physical register file
is overkill for storing and passing such values between in-
structions. If alternative methods could be used for them,
the burden on the physical register file could be reduced.
In Registerless Storage, the register map table is directed to
assign 0’s and 1’s to specific physical registers (e.g., P0 and

P1). In this case the name of the storage element is suffi-
cient to know the value; no access to the storage element
needs to be performed. The third scheme, Extended Reg-
isters and Tags, extends each physical register by two bits,
and uses a special tag naming scheme that can refer to the
physical register and its two bit register extension either as
a combined entity or as separate entities. This scheme over-
comes a potential drawback of the other two schemes: the
need to re-broadcast the tag of a remapped register. The Ex-
tended Registers and Tags requires little additional micro-
architectural support and is a practical and effective way of
partially exploiting the value locality that we observe.

3 Methodology

The results presented in this paper are generated from a
timing simulator. The simulator is based on the Alpha ISA
definitions and system call emulation of SimpleScalar [3],
with a detailed out-of-order timing model. The simulation
parameters are listed in table 1, and model pipeline of the
core is shown in figure 1(a).

Our experiments were performed on all integer and
floating-point programs in the SPEC CPU2000 benchmark
suite that were compiled with the Compaq C compiler (with
flags -arch ev6 -fast -O4). All programs were run
to completion on reference inputs except for the results pre-
sented in section 4.1. The experimental setup for that result
is described later. Value locality results presented in section
4 are based on the values that get written into the physical
register file. We exclude accesses to special logical registers
(such as logical register r31 in Alpha that always holds 0),
since they are not renamed, and hence are never part of the
physical register file.

4 Register Value Locality

In this section we study the value locality that provides
the basis for the register file optimizations that we consider
in this paper. We start out by determining the common val-
ues generated by program instructions, observing that 0 and
1 are the two most frequent values. We then consider the
value locality in a window of recently-committed instruc-
tions, and in writes to the physical register file. We con-
clude this section with a measurement of the duplication of
values in physical registers.
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