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SIMPLE LOAD AND STORE 
DISAMBIGUATION AND SCHEDULING AT 

PREDECODE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of co-pending 
US. patent application Ser. No. 11/422,647, ?led Jun. 07, 
2006, Which is herein incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention generally relates to executing 
instructions in a processor. Speci?cally, this application is 
related to minimizing stalls in a processor due to store-load 
con?icts. 
[0004] 2. Description of the Related Art 
[0005] Modern computer systems typically contain several 
integrated circuits (ICs), including a processor Which may be 
used to process information in the computer system. The data 
processed by a processor may include computer instructions 
Which are executed by the processor as Well as data Which is 
manipulated by the processor using the computer instruc 
tions. The computer instructions and data are typically stored 
in a main memory in the computer system. Processors typi 
cally process instructions by executing the instruction in a 
series of small steps. In some cases, to increase the number of 
instructions being processed by the processor (and therefore 
increase the speed of the processor), the processor may be 
pipelined. Pipelining refers to providing separate stages in a 
processor Where each stage performs one or more of the small 
steps necessary to execute an instruction. In some cases, the 
pipeline (in addition to other circuitry) may be placed in a 
portion of the processor referred to as the processor core. 
Some processors may have multiple processor cores, and in 
some cases, each processor core may have multiple pipelines. 
Where a processor core has multiple pipelines, groups of 
instructions (referred to as issue groups) may be issued to the 
multiple pipelines in parallel and executed by each of the 
pipelines in parallel. 
[0006] As an example of executing instructions in a pipe 
line, When a ?rst instruction is received, a ?rst pipeline stage 
may process a small part of the instruction. When the ?rst 
pipeline stage has ?nished processing the small part of the 
instruction, a second pipeline stage may begin processing 
another small part of the ?rst instruction While the ?rst pipe 
line stage receives and begins processing a small part of a 
second instruction. Thus, the processor may process tWo or 
more instructions at the same time (in parallel). 
[0007] To provide for faster access to data and instructions 
as Well as better utiliZation of the processor, the processor 
may have several caches. A cache is a memory Which is 
typically smaller than the main memory and is typically 
manufactured on the same die (i.e., chip) as the processor. 
Modern processors typically have several levels of caches. 
The fastest cache Which is located closest to the core of the 
processor is referred to as the Level 1 cache (L1 cache). In 
addition to the L1 cache, the processor typically has a second, 
larger cache, referred to as the Level 2 Cache (L2 cache). In 
some cases, the processor may have other, additional cache 
levels (e.g., an L3 cache and an L4 cache). 
[0008] Processors typically provide load and store instruc 
tions to access information located in the caches and/or main 
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memory. A load instruction may include a memory address 
(provided directly in the instruction or using an address reg 
ister) and identify a target register (Rt). When the load 
instruction is executed, data stored at the memory address 
may be retrieved (e. g., from a cache, from main memory, or 
from other storage means) and placed in the target register 
identi?ed by Rt. Similarly, a store instruction may include a 
memory address and a source register (Rs). When the store 
instruction is executed, data from Rs may be Written to the 
memory address. Typically, load instructions and store 
instructions utiliZe data cached in the L1 cache. 
[0009] In some cases, When a store instruction is executed, 
the data being stored may not immediately be placed in the L1 
cache. For example, after the load instruction begins execu 
tion in a pipeline, it may take several processor cycles for the 
load instruction to complete execution in the pipeline. As 
another example, the data being stored may be placed in a 
store queue before being Written back to the L1 cache. The 
store queue may be used for several reasons. For example, 
multiple store instructions may be executed in the processor 
pipeline faster than the stored data is Written back to the L1 
cache. The store queue may hold the results for the multiple 
store instructions and thereby alloW the sloWer L1 cache to 
later store the results of the load instructions and “catch up” 
With the faster processor pipeline. The time necessary to 
update the L1 cache With the results of the store instruction 
may be referred to as the “latency” of the store instruction. 
[0010] Where data from a store instruction is not immedi 
ately available in the L1 cache due to latency, certain instruc 
tion combinations may result in execution errors. For 
example, a store instruction may be executed Which stores 
data to a memory address. As described above, the stored data 
may not be immediately available in the L1 cache. If a load 
instruction Which loads data from the same memory address 
is executed shortly after the store instruction, the load instruc 
tion may receive data from the L1 cache before the L1 cache 
is updated With the results of the store instruction. 
[0011] Thus, the load instruction may receive data Which is 
incorrect or “stale” (e.g., older data from the L1 cache Which 
should be replaced With the results of the previously executed 
store instruction). Where a load instruction loads data from 
the same address as a previously executed store instruction, 
the load instruction may be referred to as a dependent load 
instruction (the data received by the load instruction is depen 
dent on the data stored by the store instruction). Where a 
dependent load instruction receives incorrect data from a 
cache as a result of the latency of a store instruction, the 
resulting execution error may be referred to as a load-store 
con?ict. 
[0012] Because the dependent load instruction may have 
received incorrect data, subsequently issued instructions 
Which use the incorrectly loaded data may also be executed 
improperly and reach incorrect results. To detect such an 
error, the memory address of the load instruction may be 
compared to the memory address of the store instruction. 
Where the memory addresses are the same, the load-store 
con?ict may be detected. HoWever, because the memory 
address of the load instruction may not be knoWn until after 
the execution of the load instruction, the load-store con?ict 
may not be detected until after the load instruction has been 
executed. 

[0013] Thus, to resolve the detected error, the executed load 
instruction and the subsequently issued instructions may be 
?ushed from the pipeline (e.g., the results of the load instruc 
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tion and subsequently executed instructions may be dis 
carded) and each of the ?ushed instructions may be reissued 
and re-executed in the pipeline. While the load instruction and 
subsequently issued instructions are being invalidated and 
reissued, the L1 cache may be updated With the data stored by 
the store instruction. When the reissued load instruction is 
executed the second time, the load instruction may then 
receive the correctly updated data from the L1 cache. 
[0014] Executing, invalidating, and reissuing the load 
instruction and subsequently executed instructions after a 
load-store con?ict may take many processor cycles. Because 
the initial results of the load instruction and subsequently 
issued instructions are invalidated, the time spent executing 
the instructions is essentially Wasted. Thus, load-store con 
?icts typically result in processor ine?iciency. 
[0015] Accordingly, there is a need for improved methods 
of executing load and store instructions. 

SUMMARY OF THE INVENTION 

[0016] Embodiments of the invention generally provide a 
method and processor for executing instructions. In one 
embodiment, the method includes receiving a load instruction 
and a store instruction to be executed in the processor and 
detecting a con?ict betWeen the load instruction and the store 
instruction. Detecting the con?ict includes determining if 
load-store con?ict information indicates that the load instruc 
tion previously con?icted With the store instruction. The load 
store con?ict information is stored for both the load instruc 
tion and the store instruction. The method further includes 
scheduling execution of the load instruction and the store 
instruction so that execution of the load instruction and the 
store instruction do not result in a con?ict. 
[0017] One embodiment of the invention provides a pro 
cessor including a cache; and circuitry. In one embodiment, 
the circuitry is con?gured to receive a load instruction and a 
store instruction from the cache and detect a con?ict betWeen 
the load instruction and the store instruction. Detecting the 
con?ict includes determining if load-store con?ict informa 
tion indicates that the load instruction previously con?icted 
With the store instruction. The load-store con?ict information 
is stored forboth the load instruction and the store instruction. 
The circuitry is further con?gured to schedule execution of 
the load instruction and the store instruction so that execution 
of the load instruction and the store instruction do not result in 
a con?ict. 

[0018] One embodiment of the invention provides a 
method for scheduling execution of a load and store instruc 
tion. The method includes determining if load-store con?ict 
information for the load and store instruction indicates that 
the load and store instruction may con?ict and if the load 
store con?ict information for the load and store instruction 
indicates that the load and store instruction may con?ict, then 
determining Whether a portion of a load effective address for 
the load instruction matches a portion of a store effective 
address for the store instruction. If the portion of the load 
effective address matches the portion of the store effective 
address, the load and store instruction are scheduled for 
execution such that executing the load and store instruction 
does not result in a con?ict. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] So that the manner in Which the above recited fea 
tures, advantages and objects of the present invention are 
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attained and can be understood in detail, a more particular 
description of the invention, brie?y summariZed above, may 
be had by reference to the embodiments thereof Which are 
illustrated in the appended draWings. 
[0020] It is to be noted, hoWever, that the appended draW 
ings illustrate only typical embodiments of this invention and 
are therefore not to be considered limiting of its scope, for the 
invention may admit to other equally effective embodiments. 
[0021] FIG. 1 is a block diagram depicting a system accord 
ing to one embodiment of the invention. 
[0022] FIG. 2 is a block diagram depicting a computer 
processor according to one embodiment of the invention. 
[0023] FIG. 3 is a block diagram depicting one of the cores 
of the processor according to one embodiment of the inven 
tion. 
[0024] FIG. 4 is a ?oW diagram depicting a process for 
resolving load-store con?icts according to one embodiment 
of the invention. 
[0025] FIG. 5 depicts exemplary execution units With for 
Warding paths for forWarding data from a store instruction to 
a load instruction according to one embodiment of the inven 
tion. 
[0026] FIG. 6 is a block diagram depicting hardWare Which 
may be utiliZed for resolving load-store con?icts in a proces 
sor according to one embodiment of the invention. 
[0027] FIG. 7 is a block diagram depicting selection hard 
Ware for determining the youngest, matching entry for a load 
instruction address in a store target queue according to one 
embodiment of the invention. 
[0028] FIG. 8 is a block diagram depicting merging hard 
Ware for merging data forWarded from a store instruction With 
data for a load instruction according to one embodiment of the 
invention. 
[0029] FIG. 9 is a ?oW diagram depicting a process for 
scheduling the execution of load and store instructions 
according to one embodiment of the invention. 
[0030] FIGS. 10A-B are diagrams depicting scheduling of 
load and store instructions according to embodiments of the 
invention. 
[0031] FIG. 11A is a block diagram depicting an exemplary 
I-line used to store load-store con?ict information according 
to one embodiment of the invention. 
[0032] FIG. 11B is a block diagram depicting an exemplary 
store instruction according to one embodiment of the instruc 
tion. 
[0033] FIG. 12 is a block diagram depicting circuitry for 
Writing load-store con?ict information back from a processor 
core to cache memory according to one embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0034] Embodiments of the invention generally provide a 
method and processor for executing instructions. In one 
embodiment, the method includes receiving a load instruction 
and a store instruction to be executed in the processor and 
detecting a con?ict betWeen the load instruction and the store 
instruction. Detecting the con?ict includes determining if 
load-store con?ict information indicates that the load instruc 
tion previously con?icted With the store instruction. The load 
store con?ict information is stored for both the load instruc 
tion and the store instruction. The method further includes 
scheduling execution of the load instruction and the store 
instruction so that execution of the load instruction and the 
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store instruction do not result in a con?ict. In some cases, by 
storing load-store con?ict information for both the load 
instruction and the store instruction, accuracy in determining 
which load instruction con?icts with which store instruction 
may be improved. 
[0035] In the following, reference is made to embodiments 
of the invention. However, it should be understood that the 
invention is not limited to speci?c described embodiments. 
Instead, any combination of the following features and ele 
ments, whether related to different embodiments or not, is 
contemplated to implement and practice the invention. Fur 
thermore, in various embodiments the invention provides 
numerous advantages over the prior art. However, although 
embodiments of the invention may achieve advantages over 
other possible solutions and/or over the prior art, whether or 
not a particular advantage is achieved by a given embodiment 
is not limiting of the invention. Thus, the following aspects, 
features, embodiments and advantages are merely illustrative 
and are not considered elements or limitations of the 

appended claims except where explicitly recited in a claim(s). 
Likewise, reference to “the invention” shall not be construed 
as a generalization of any inventive subject matter disclosed 
herein and shall not be considered to be an element or limi 
tation of the appended claims except where explicitly recited 
in a claim(s). 
[0036] The following is a detailed description of embodi 
ments of the invention depicted in the accompanying draw 
ings. The embodiments are examples and are in such detail as 
to clearly communicate the invention. However, the amount 
of detail offered is not intended to limit the anticipated varia 
tions of embodiments; but on the contrary, the intention is to 
cover all modi?cations, equivalents, and alternatives falling 
within the spirit and scope of the present invention as de?ned 
by the appended claims. 
[0037] Embodiments of the invention may be utiliZed with 
and are described below with respect to a system, e.g., a 

computer system. As used herein, a system may include any 
system utiliZing a processor and a cache memory, including a 
personal computer, internet appliance, digital media appli 
ance, portable digital assistant (PDA), portable music/video 
player and video game console. While cache memories may 
be located on the same die as the processor which utiliZes the 
cache memory, in some cases, the processor and cache memo 
ries may be located on different dies (e.g., separate chips 
within separate modules or separate chips within a single 
module). 
[0038] While described below with respect to a processor 
having multiple processor cores and multiple L1 caches, 
wherein each processor core uses multiple pipelines to 
execute instructions, embodiments of the invention may be 
utiliZed with any processor which utiliZes a cache, including 
processors which have a single processing core. In general, 
embodiments of the invention may be utiliZed with any pro 
cessor and are not limited to any speci?c con?guration. Fur 
thermore, while described below with respect to a processor 
having an L1-cache divided into an L1 instruction cache (L1 
I-cache, or I-cache) and an L1 data cache (L1 D-cache, or 
D-cache), embodiments of the invention may be utiliZed in 
con?gurations wherein a uni?ed L1 cache is utiliZed. Also, 
while described below with respect to an L1 cache which 
utiliZes an L1 cache directory, embodiments of the invention 
may be utiliZed wherein a cache directory is not used. 
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Overview of an Exemplary System 

[0039] FIG. 1 is a block diagram depicting a system 100 
according to one embodiment of the invention. The system 
100 may contain a system memory 102 for storing instruc 
tions and data, a graphics processing unit 104 for graphics 
processing, an I/O interface for communicating with external 
devices, a storage device 108 for long term storage of instruc 
tions and data, and a processor 110 for processing instructions 
and data. 

[0040] According to one embodiment of the invention, the 
processor 110 may have an L2 cache 112 as well as multiple 
L1 caches 116, with each L1 cache 116 being utiliZed by one 
of multiple processor cores 114. According to one embodi 
ment, each processor core 114 may be pipelined, wherein 
each instruction is performed in a series of small steps with 
each step being performed by a different pipeline stage. 
[0041] FIG. 2 is a block diagram depicting a processor 110 
according to one embodiment of the invention. For simplicity, 
FIG. 2 depicts and is described with respect to a single core 
114 of the processor 110. In one embodiment, each core 114 
may be identical (e.g., contain identical pipelines with iden 
tical pipeline stages). In another embodiment, each core 114 
may be different (e. g., contain different pipelines with differ 
ent stages). 
[0042] In one embodiment of the invention, the L2 cache 
may contain a portion of the instructions and data being used 
by the processor 110. In some cases, the processor 110 may 
request instructions and data which are not contained in the 
L2 cache 112. Where requested instructions and data are not 
contained in the L2 cache 112, the requested instructions and 
data may be retrieved (either from a higher level cache or 
system memory 102) and placed in the L2 cache. When the 
processor core 114 requests instructions from the L2 cache 
112, the instructions may be ?rst processed by a predecoder 
and scheduler 220 (described below in greater detail). 
[0043] In one embodiment of the invention, instructions 
may be fetched from the L2 cache 112 in groups, referred to 
as I-lines. Similarly, data may be fetched from the L2 cache 
112 in groups referred to as D-lines. The L1 cache 116 
depicted in FIG. 1 may be divided into two parts, an L1 
instruction cache 222 (I-cache 222) for storing I-lines as well 
as an L1 data cache 224 (D-cache 224) for storing D-lines. 
I-lines and D-lines may be fetched from the L2 cache 112 
using L2 access circuitry 210. 
[0044] I-lines retrieved from the L2 cache 112 may be 
processed by a predecoder and scheduler 220 and the I-lines 
may be placed in the I-cache 222. To further improve proces 
sor performance, instructions are often predecoded, for 
example, I-lines are retrieved from L2 (or higher) cache. Such 
predecoding may include various functions, such as address 
generation, branch prediction, and scheduling (determining 
an order in which the instructions should be issued), which is 
captured as dispatch information (a set of ?ags) that control 
instruction execution. 

[0045] In some cases, the predecoder and scheduler 220 
may be shared among multiple cores 114 and L1 caches. 
Similarly, D-lines fetched from the L2 cache 112 may be 
placed in the D-cache 224. A bit in each I-line and D-line may 
be used to track whether a line of information in the L2 cache 
112 is an I-line or D-line. Optionally, instead of fetching data 
from the L2 cache 112 in I-lines and/ or D-lines, data may be 
fetched from the L2 cache 112 in other manners, e. g., by 
fetching smaller, larger, or variable amounts of data. 
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[0046] In one embodiment, the I-cache 222 and D-cache 
224 may have an I-cache directory 223 and D-cache directory 
225 respectively to track Which I-lines and D-lines are cur 
rently in the I-cache 222 and D-cache 224. When an I-line or 
D-line is added to the I-cache 222 or D-cache 224, a corre 
sponding entry may be placed in the I-cache directory 223 or 
D-cache directory 225. When an I-line or D-line is removed 
from the I-cache 222 or D-cache 224, the corresponding entry 
in the I-cache directory 223 or D-cache directory 225 may be 
removed. While described below With respect to a D-cache 
224 Which utilizes a D-cache directory 225, embodiments of 
the invention may also be utiliZed Where a D-cache directory 
225 is not utiliZed. In such cases, the data stored in the 
D-cache 224 itself may indicate What D-lines are present in 
the D-cache 224. 

[0047] In one embodiment, instruction fetching circuitry 
236 may be used to fetch instructions for the core 114. For 
example, the instruction fetching circuitry 236 may contain a 
program counter Which tracks the current instructions being 
executed in the core. A branch unit Within the core may be 
used to change the program counter When a branch instruc 
tion is encountered. An I-line buffer 232 may be used to store 
instructions fetched from the L1 I-cache 222. Issue and dis 
patch circuitry 234 may be used to group instructions in the 
I-line buffer 232 into instruction groups Which may then be 
issued in parallel to the core 114 as described beloW. In some 
cases, the issue and dispatch circuitry may use information 
provided by the predecoder and scheduler 220 to form appro 
priate instruction groups. 
[0048] In addition to receiving instructions from the issue 
and dispatch circuitry 234, the core 114 may receive data 
from a variety of locations. Where the core 114 requires data 
from a data register, a register ?le 240 may be used to obtain 
data. Where the core 114 requires data from a memory loca 
tion, cache load and store circuitry 250 may be used to load 
data from the D-cache 224. Where such a load is performed, 
a request for the required data may be issued to the D-cache 
224. At the same time, the D-cache directory 225 may be 
checked to determine Whether the desired data is located in 
the D-cache 224. Where the D-cache 224 contains the desired 
data, the D-cache directory 225 may indicate that the D-cache 
224 contains the desired data and the D-cache access may be 
completed at some time afterWards. Where the D-cache 224 
does not contain the desired data, the D-cache directory 225 
may indicate that the D-cache 224 does not contain the 
desired data. Because the D-cache directory 225 may be 
accessed more quickly than the D-cache 224, a request for the 
desired data may be issued to the L2 cache 112 (e. g., using the 
L2 access circuitry 210) before the D-cache access is com 
pleted. 
[0049] In some cases, data may be modi?ed in the core 114. 
Modi?ed data may be Written to the register ?le, or stored in 
memory. Write back circuitry 238 may be used to Write data 
back to the register ?le 240. In some cases, the Write back 
circuitry 238 may utiliZe the cache load and store circuitry 
250 to Write data back to the D-cache 224. Optionally, the 
core 114 may access the cache load and store circuitry 250 
directly to perform stores. In some cases, as described beloW, 
the Write-back circuitry 238 may also be used to Write instruc 
tions back to the I-cache 222. 

[0050] As described above, the issue and dispatch circuitry 
234 may be used to form instruction groups and issue the 
formed instruction groups to the core 114. The issue and 
dispatch circuitry 234 may also include circuitry to rotate and 
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merge instructions in the I-line and thereby form an appro 
priate instruction group. Formation of issue groups may take 
into account several considerations, such as dependencies 
betWeen the instructions in an issue group as Well as optimi 
Zations Which may be achieved from the ordering of instruc 
tions as described in greater detail beloW. Once an issue group 
is formed, the issue group may be dispatched in parallel to the 
processor core 114. In some cases, an instruction group may 
contain one instruction for each pipeline in the core 114. 
Optionally, the instruction group may a smaller number of 
instructions. 

[0051] According to one embodiment of the invention, one 
or more processor cores 114 may utiliZe a cascaded, delayed 
execution pipeline con?guration. In the example depicted in 
FIG. 3, the core 114 contains four pipelines in a cascaded 
con?guration. Optionally, a smaller number (tWo or more 
pipelines) or a larger number (more than four pipelines) may 
be used in such a con?guration. Furthermore, the physical 
layout of the pipeline depicted in FIG. 3 is exemplary, and not 
necessarily suggestive of an actual physical layout of the 
cascaded, delayed execution pipeline unit. 
[0052] In one embodiment, each pipeline (P0, P1, P2, P3) 
in the cascaded, delayed execution pipeline con?guration 
may contain an execution unit 310. The execution unit 310 
may perform one or more functions for a given pipeline. For 
example, the execution unit 310 may perform all or a portion 
of the fetching and decoding of an instruction. The decoding 
performed by the execution unit may be shared With a prede 
coder and scheduler 220 Which is shared among multiple 
cores 114 or, optionally, Which is utiliZed by a single core 114. 
The execution unit may also read data from a register ?le, 
calculate addresses, perform integer arithmetic functions 
(e.g., using an arithmetic logic unit, or ALU), perform ?oat 
ing point arithmetic functions, execute instruction branches, 
perform data access functions (e.g., loads and stores from 
memory), and store data back to registers (e.g., in the register 
?le 240). In some cases, the core 114 may utiliZe instruction 
fetching circuitry 236, the register ?le 240, cache load and 
store circuitry 250, and Write-back circuitry, as Well as any 
other circuitry, to perform these functions. 
[0053] In one embodiment, each execution unit 310 may 
perform the same functions (e.g., each execution unit 310 
may be able to perform load/store functions). Optionally, 
each execution unit 310 (or different groups of execution 
units) may perform different sets of functions. Also, in some 
cases the execution units 310 in each core 114 may be the 
same or different from execution units 310 provided in other 
cores. For example, in one core, execution units 3100 and 
3102 may perform load/store and arithmetic functions While 
execution units 3101 and 3102 may perform only arithmetic 
functions. 

[0054] In one embodiment, as depicted, execution in the 
execution units 310 may be performed in a delayed manner 
With respect to the other execution units 310. The depicted 
arrangement may also be referred to as a cascaded, delayed 
con?guration, but the depicted layout is not necessarily 
indicative of an actual physical layout of the execution units. 
In such a con?guration, Where four instructions (referred to, 
for convenience, as I0, Il, I2, I3) in an instruction group are 
issued in parallel to the pipelines P0, P1, P2, P3, each instruc 
tion may be executed in a delayed fashion With respect to each 
other instruction. For example, instruction I0 may be 
executed ?rst in the execution unit 3100 for pipeline P0, 
instruction Il may be executed second in the execution unit 
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3101 for pipeline P1, and so on. I0 may be executed immedi 
ately in execution unit 3100. Later, after instruction I0 has 
?nished being executed in execution unit 3 100, execution unit 
3 1 0 1 may begin executing instruction I 1, and so one, such that 
the instructions issued in parallel to the core 114 are executed 
in a delayed manner with respect to each other. 
[0055] In one embodiment, some execution units 310 may 
be delayed with respect to each other while other execution 
units 310 are not delayed with respect to each other. Where 
execution of a second instruction is dependent on the execu 
tion of a ?rst instruction, forwarding paths 312 may be used to 
forward the result from the ?rst instruction to the second 
instruction. The depicted forwarding paths 312 are merely 
exemplary, and the core 114 may contain more forwarding 
paths from different points in an execution unit 310 to other 
execution units 310 or to the same execution unit 310. 
[0056] In one embodiment, instructions not being executed 
by an execution unit 310 may be held in a delay queue 320 or 
a target delay queue 330. The delay queues 320 may be used 
to hold instructions in an instruction group which have not 
been executed by an execution unit 310. For example, while 
instruction I0 is being executed in execution unit 3100, 
instructions I1, I2, and I3 may be held in a delay queue 330. 
Once the instructions have moved through the delay queues 
330, the instructions may be issued to the appropriate execu 
tion unit 310 and executed. The target delay queues 330 may 
be used to hold the results of instructions which have already 
been executed by an execution unit 310. In some cases, results 
in the target delay queues 33 0 may be forwarded to executions 
units 310 for processing or invalidated where appropriate. 
Similarly, in some circumstances, instructions in the delay 
queue 320 may be invalidated, as described below. 
[0057] In one embodiment, after each of the instructions in 
an instruction group have passed through the delay queues 
320, execution units 310, and target delay queues 330, the 
results (e.g., data, and, as described below, instructions) may 
be written back either to the register ?le or the L1 I-cache 222 
and/or D-cache 224. In some cases, the write-back circuitry 
306 may be used to write back the most recently modi?ed 
value of a register and discard invalidated results. 

Utilizing Effective Addresses to Forward Data for Load-Store 
Instructions 

[0058] One embodiment of the invention provides a 
method for resolving load-store con?icts. The method 
includes determining if an effective address of a load instruc 
tion in a ?rst pipeline matches an effective address of a store 
instruction in a second pipeline. If the effective addresses of 
the store instruction and the load instruction match, data from 
the store instruction is speculatively forwarded to the pipeline 
containing the load instruction. In some cases, the forwarding 
may be performed after the effective address comparison is 
performed. Optionally, the forwarding may be performed 
before the effective address comparison is completed. In one 
embodiment, the forwarding may be performed without ?rst 
translating the load or store effective addresses into real 
addresses (e.g., the effective addresses may be the only basis 
for determining whether to forward the store data to the load 

instruction). 
[0059] If the effective address comparison indicates that the 
load instruction and store instruction have the same effective 
addresses, the data from the store instruction is merged with 
the data for the load instruction. Also, as described below, in 
some cases, before merging the store data with the load data, 
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a portion of a real address for the store instruction data may be 
compared with a portion of a real address for the load instruc 
tion data. Such portions may, for example, be stored in a 
D-cache directory 225 along with a corresponding effective 
address. During execution of the load instruction, the D-cache 
directory 225 may be accessed while determining whether the 
data to be loaded is located in the D-cache 224. 

[0060] After the store data is merged with the load data 
(assuming the address comparisons indicate a match), the 
data for the load instruction is then formatted and may be 
placed in a register. Because effective addresses (e.g., as 
opposed to real addresses) are used in the pipeline to deter 
mine if the load and store instruction con?ict, comparison of 
the effective addresses for the load and store instruction may 
be made more quickly than in conventional pipelines (e.g., 
more quickly than in pipelines which require effective to real 
address translation to perform address comparisons). Also, by 
speculatively forwarding the data for the store instruction to 
the pipeline containing the load instruction, results of an 
effective to real address translation (and in some cases, effec 
tive address comparison) need not immediately be obtained to 
determine if a forward is necessary. 

[0061] FIG. 4 is a ?ow diagram depicting a process 400 for 
resolving load-store con?icts according to one embodiment 
of the invention. The process may begin at step 402 where a 
load instruction and a store instruction to be executed are 
received. At step 404, an effective address for the load instruc 
tion and an effective address for the store instruction may be 
calculated. Then, at step 406, the effective address for the load 
and the store instruction may be compared while a register ?le 
read for the data to be stored by the store instruction is initi 
ated and while a request for the data to be loaded is sent to the 
D-cache 224. At step 408, the data to be stored may be 
received from the register ?le 240 and speculatively for 
warded from the pipeline executing the store instruction to the 
pipeline executing the load instruction while the data to be 
loaded may be received from the D-cache. At step 410, the 
received load data may be formatted while a determination is 
made of whether the comparison indicates that the load effec 
tive matches the store effective address. At step 412, if the 
load effective address matches the store effective address, the 
forwarded store data may be merged with the load data. If the 
load effective address does not match the store effective 
address, the forwarded store data may be discarded and the 
load data received from the D-cache 224 may be used. At step 
414, the load and the store instruction may ?nish executing. 
[0062] In one embodiment of the invention, the load and the 
store instructions may be executed in separate pipelines. Also, 
in some cases, the load instruction may be executed one or 
more clock cycles after the store instruction. Where the load 
instruction is executed one or more clock cycles after the store 
instruction, the actions described above (e. g., comparison of 
the load and store effective addresses) may be performed as 
soon as the appropriate information (e. g., the effective 
addresses) has been resolved. 
[0063] As described above, in one embodiment of the 
invention, the entire load effective address and store effective 
address may be compared to each other. Optionally, only a 
portion of the load effective address and store effective 
address may be compared. For example, only a high portion 
of bits, low portion of bits, or middle portion of bits of the 
address may be compared. In some cases, only a portion of the 
addresses may be compared such that the comparison does 
not require an excessive number of clock cycles to be per 
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formed, allowing the processor 11 0 enough time to determine 
Whether to forward and/ or merge data from the store instruc 
tion to the load instruction. 

[0064] In some cases, tWo different effective addresses may 
point to the same physical address. Where tWo different effec 
tive addresses point to the same physical address, a compari 
son of the effective addresses may not accurately identify a 
load instruction Which con?icts With a store instruction. 
Where such a situation arises, a portion of the effective 
addresses Which is unambiguous (e. g., is alWays different for 
different physical addresses) may be initially compared to 
determine Whether a load-store con?ict has occurred. To 
complete the comparison, portions of the physical address for 
the load and store instruction may be compared. If both the 
effective address portions and the physical address portions 
match, a load-store con?ict may exist, and data from the store 
instruction may be forWarded and merged With the load 
instruction. To obtain the portions of the physical address, the 
effective addresses may be used as an index to retrieve the 
portions of the physical addresses for the load and store 
instruction. In one embodiment, the portions of the physical 
addresses for the load and store instruction may be stored in 
and obtained from the D-cache directory 225. Also, physical 
addresses for the stored instruction may be stored in a store 
target queue, effective to real address translation table 
(ERAT), or any other suitable location, as described beloW. 
[0065] In one embodiment of the invention, the determina 
tion of Whether a load instruction con?icts With a store 
instruction may be made by comparing portions of the load 
effective address and store effective address as Well as a page 
number for the load data and store data Which indicates Which 
page (e.g., Which page in a cache) each effective address 
points to. For example, the loWer order bits of the effective 
address may uniquely identify a location Within a page, and 
the page number may uniquely identify Which page each 
effective address is referencing. 
[0066] In one embodiment of the invention, the page num 
bers (PN) for each effective address may be tracked in a 
translation look-aside buffer (TLB) Which contains entries 
Which map effective addresses into real addresses contained 
in a cache (e.g., the L2 cache 112). Each time a data line is 
retrieved from a higher level of cache and/or memory and 
placed in the cache, an entry may be added to the TLB. In 
order to maintain the page numbers, the TLB may maintain an 
entry number for each entry. Each entry number may corre 
spond to a page in the cache containing data referenced by the 
entry. 
[0067] In some cases, an effective address utiliZed by the 
processor may not have a corresponding entry in the TLB. For 
example, a calculated effective address may address memory 
Which is not contained in the cache, and thus has no corre 
sponding TLB entry. In such cases, a page number validity bit 
(PNV) may be used to determine Whether a valid page num 
ber exists for a given effective address. If the validity bit is set 
for the effective addresses utiliZed by the load instruction and 
the store instruction, then the page numbers for the load and 
the store instruction may be compared along With a portion of 
the effective addresses to determine if a con?ict exists. Oth 
erWise, if the validity bit is not set, then the page numbers may 
not be compared. Where the page number validity bit is not 
set for the load instruction, the store instruction, or both 
instructions, a load-store con?ict may not exist because the 
data for either instruction may not be cached. Thus, if the load 
and store instruction happen to reference the same data, but 
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the referenced data is not cached, the con?ict may be resolved 
When the data is fetched and placed into the D-cache 224 
Without ?ushing the processor core 114 and reissuing instruc 
tions. 
[0068] The page numbers for each load and store effective 
address may be provided in a number of manners. For 
example, When data is retrieved from the higher level cache 
(e. g., as a data line), the page number may be transmitted With 
the data line, alloWing the page number for the data line to be 
determined as necessary by the processor core 114. In some 
cases, the page number may be stored in the D-cache direc 
tory 225 Which tracks entries in the D-cache 224. The page 
number may also be stored in any other convenient location, 
such as a special cache designed for the purpose or in a store 
target queue. The page number validity bit may also be stored 
With each page number, indicating Whether the page number 
refers to a valid TLB entry. 

[0069] In one embodiment of the invention, the store data 
may alWays be forWarded to the pipeline in Which the load 
instruction is being executed. Optionally, in some cases, the 
store data may only be forWarded if the effective addresses of 
the load and the store instruction match. In other cases, for 
example, Where a comparison of only a portion of the effec 
tive addresses is performed and/or Where a portion of the 
physical addresses is subsequently performed, the compari 
son of the portions of the effective addresses may be used to 
determine Whether to forWard the store data While the com 
parison of the portions of the physical addresses may be used 
to determine Whether to merge the forWarded data With the 
data for the load instruction. 
[0070] In one embodiment of the invention, effective 
address comparisons may be used to select from one of a 
plurality of forWard paths from Which data may be received. 
Each forWard path may come one of a plurality of pipelines, 
and may also come from one of multiple stages in a given 
pipeline. The forWarding paths may also come from other 
circuitry, such as from the store target queue, as described 
beloW. 

[0071] Where forWarding paths are provided from a plural 
ity of pipelines, an effective address comparison may be 
performed betWeen the effective address of the load instruc 
tion and the effective address of the store instructions (or 
betWeen portions of the addresses), if any, in each of the 
plurality of pipelines. If any of the effective address compari 
sons indicate that the effective address of data being stored in 
one of the pipelines matches the effective address of data 
being loaded, data from the pipeline containing the store 
instruction With the matching effective address may be 
selected and forWarded to the pipeline containing the load 
instruction. If multiple effective addresses from multiple 
pipelines match the effective address of the load instruction, 
then store data from the mo st recently executed store instruc 
tion (and therefore the most current data) may be selected and 
forWarded to the pipeline containing the load instruction. 
[0072] Where forWarding paths are provided from multiple 
stages of a single pipeline, effective addresses of store 
instructions (if any) in each of the multiple stages may be 
compared to the effective address of the load instruction. If 
any of the effective addresses of the store instructions in the 
pipeline stages match the effective address of the load instruc 
tion, the store data for the store instruction With the matching 
effective address may be forWarded from the appropriate 
stage of the pipeline With the store instruction to the pipeline 
containing the load instruction. If multiple store instructions 
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in multiple stages of a pipeline have effective addresses Which 
match the effective address of the store instruction, only store 
data from the most recently executed store instruction (and 
therefore the most up to date data) may be forWarded from the 
pipeline containing the store instruction to the pipeline con 
taining the load instruction. In some cases, comparisons and 
forwarding may be provided for multiple stages of multiple 
pipelines as Well, With a comparison being performed for 
each stage of each pipeline With a forWarding path. 
[0073] Also, as described above, in some cases, data may 
be forWarded from a store target queue to the pipeline con 
taining the load instruction. For example, When a store 
instruction is executed, data for the store instruction may be 
read from the register ?le 240 and an address generation may 
be performed for the store instruction to determine a store 
target address (e.g., a memory location Which may be identi 
?ed using an effective address) to Which the store data is to be 
Written. The store data and store target address may then be 
placed in the store target queue. As described beloW, during 
subsequent execution of a load instruction, a determination 
may be made of Whether any of the queued data to be stored 
has an effective address Which matches the load effective 
address for the load instruction. For each of the entries in the 
store target queue With effective addresses Which match the 
effective address of the load instruction, the store data for the 
most recently executed instruction (and therefore most up to 
date store data) may be selected. If store data from more 
recently executed store instructions (e.g., store instructions 
Which are still being executed in a pipeline) is not available, 
the store data for the most recent, matching entry in the store 
target queue may be forWarded from store target queue to the 
pipeline containing the load instruction. Also, in some cases, 
Where only a portion of the effective addresses for a load and 
store instruction is used to determine Whether the load and 
store instruction are accessing data at the same address, a 
portion of the physical address for the store instruction may 
be stored in the store target queue and used to determine if 
different effective addresses for the load and store instruction 
are being used to access data located at the same effective 
address. 

[0074] FIG. 5 depicts exemplary execution units 3100, 3102 
With forWarding paths 550, 552 for forWarding data from a 
store instruction to a load instruction according to one 
embodiment of the invention. In some cases, the forWarded 
data may come from a store instruction being executed in an 
execution unit 310 (referred to as a hot forWard). Optionally, 
the forWarded data may come from a store target queue 540 
Which contains entries for store instructions Which have com 
pleted execution in an execution unit 3 1 0 (referred to as a cold 
forWard). The store target queue 540 may be used to hold data 
being stored by store instructions. The data in the store target 
queue 540 is typically data Which is to be Written back to the 
D-cache 224 but Which cannot be immediately Written back 
because of the limited bandWidth of the D-cache 224 in Writ 
ing back data. In one embodiment, the store target queue 540 
may be part of the cache load and store circuitry 250. Because 
store instructions being executed in an execution unit 310 
provide more recently updated store data than that queued in 
the store target queue 540, Where both the execution units 310 
and the store target queue 540 contain store instructions 
Which con?ict With a load instruction, the most recently 
updated store data 310 may be selected and forWarded to the 
load instruction so that the correct data is received by the load 
instruction. Where the store target queue contains multiple 
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matching entries (e.g., multiple store instructions Which may 
con?ict With the load instruction), selection circuitry 542 may 
be used to select an appropriate entry from the queue 540 to be 
forWarded as the load instruction data. 

[0075] As depicted, the forWarding paths 550, 552, 554 
may provide for forWarding from a store target queue 540 to 
a stage 536 of the execution unit 3102 or from one stage 514 
of an execution unit 3100 to another stage 536 of another 
execution unit 3102. HoWever, it is noted that the forWarding 
paths depicted in FIG. 5 are exemplary forWarding paths. In 
some cases, more forWarding paths or feWer forWarding paths 
may be provided. Forwarding paths may be provided for other 
stages of each execution unit and also from a given execution 
unit 3100, 3102 back to the same execution unit 3100, 3102, 
respectively. Execution of store and load instructions in the 
execution units 3100, 3102, respectively, is described beloW 
With respect to each of the stages in the execution units 3100, 
3102. 
[0076] Execution of each instruction in the execution units 
3100, 3102 may begin With tWo initial stages 502, 504, 522, 
524 (referred to as RFl and RF2) in Which the register ?le 240 
is accessed, e. g., to obtain data and/ or addresses used for 
execution of the load and store instructions. Then, in the third 
stage 506, 526 of each execution unit 3100, 3102, an address 
generation stage (AGEN) may be used to generate an effec 
tive address (EAX) for each of the instructions. 
[0077] In some cases, as depicted, a forWarding path 554 
may be provided Which forWards a source register (RS) value 
for a store instruction (e.g., the source of the data being 
stored) to a target register (RT) value for a load instruction 
(e.g., the target of the data being loaded). Such a forWard may 
be speculative e.g., the forWarded data may not actually be 
used by the load instruction. The forWarded data may be used, 
for example, if a determination is made that the effective 
address of the store instruction matches the effective address 
of the load instruction. Also, as described beloW, other 
address comparisons may be utiliZed, and Whether the data 
can be forWarded may depend upon the alignment of the data 
being stored and the data being loaded. 
[0078] In the fourth stage 508, 528 of each of the execution 
units 3100, 3102, an access to the D-cache directory 225 
(DIRO) may be initiated in order to determine Whether the 
data being accessed (e.g., by the load and store instruction) is 
in the D-cache 224. In some cases, as described above, by 
accessing the D-cache directory 225, bits of the physical 
address may be obtained for use in determining Whether the 
load instruction and the store instruction are accessing the 
same data. Also during the fourth stage, a comparison of the 
effective addresses (or a portion of the effective address) may 
be performed. As described above, comparison of the effec 
tive addresses may, in some cases, be utiliZed to determine 
Which forWarding path (e.g., 550, 552) should be used for 
forWarding data. 
[0079] In the ?fth stage 510, 530, physical address bits for 
the load and the store addresses may be received from the 
D-cache directory 225 (DIR1—>PAX). Then, in the sixth 
stage 512, 532, a comparison of the received physical address 
bits may be performed (PA CMP). In the sixth stage of the 
store execution unit 3100, the data for the store instruction 
may be speculatively forWarded to the load execution unit 
3102 via forWarding path 550 or from the store target queue 
540 via forWarding path 552. The forWarding path 550 may be 
used to forWard the store data to the load instruction after a 
determination has been made that the load effective address 
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and store effective address match. Optionally, as described 
above, the forwarded data may be received from an earlier 
forward via another forwarding path 554 and the address 
comparison may be subsequently performed before deter 
mining whether to merge the forwarded data. The selection of 
the appropriate forwarding path 550, 552 may be made based 
on the outcome of the effective address comparisons, for 
example, between the load and store instructions in the execu 
tion units 3100, 3102 and between the effective addresses of 
data in the store target queue 540. As previously mentioned, 
selection circuitry 542 may be used to determine if the load 
effective address matches the effective address of any of the 
data in the store target queue 540. Also, in the sixth stage 534 
of the store execution unit 3102, formatting of the data being 
loaded (e.g., the data received from the D-cache 224) may be 
performed. 
[0080] In the sixth stage of the execution unit 3102 for the 
load instruction, merge operations may be performed. If the 
effective address and physical address comparisons indicate 
that the load and store instruction are accessing the same data, 
the speculatively forwarded data from the execution unit 3100 
processing the store instruction may be merged and used as 
the data being loaded. Optionally, if the effective address and 
physical address comparisons indicate that the load and store 
instruction are accessing different data, the speculatively for 
warded data may be discarded and load data received from the 
D-cache 224 may be used for the load instruction data. As 
depicted, other stages 516, 518, 538 may also be provided for 
performing operations for completing execution of the load 
and store instructions. 

[0081] FIG. 6 is a block diagram depicting hardware which 
may be utiliZed for resolving load-store con?icts in a proces 
sor core 114 according to one embodiment of the invention. 
As depicted, the hardware may include address generation 
(AGEN) circuitry 610. The AGEN circuitry 610 may generate 
an effective address for a load instruction which is compared 
to an effective address for a store instruction with effective 

address comparison circuitry (EA CMP) 612. The compari 
son of the effective addresses may be used to determine how 
load data is formatted and merged and also which store data 
(e. g., from a store instruction in an execution unit 310 or from 
the store target queue 540) is forwarded to the load instruc 
tion. Formatting may be performed by the formatting cir 
cuitry 616, and selection of the forwarded data may be per 
formed using the forward selection circuitry (FWD Select) 
606 based on the results of the effective address comparison. 
Also, as depicted, physical address comparison circuitry may 
be used to compare physical address bits (e.g., from the load 
instruction, store instruction being executing in an execution 
unit 310, and/or entries in the store target queue 540) and 
determine whether to merge data from a load instruction with 
data from a store instruction using the merge circuitry 618. 

[0082] As described above, in determining whether to for 
ward data from a store instruction to a load instruction, a 
determination may be made of whether an entry in the store 
target queue 540 has an effective address and/or physical 
address which matches the effective address and/or physical 
address of the load instruction. If the addresses of an entry in 
the store target queue 540 and the load instruction match, and 
if no other con?icting store instructions have been executed 
since the entry was placed in the store target queue 540 (e.g., 
if no other con?icting store instructions are still being 
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executed in the execution units 310), the store target queue 
540 may contain the most recently updated data for the 
matching address. 
[0083] If multiple addresses in the store target queue 540 
match the load address, a determination may be made of the 
most recently updated entry (e.g., the entry containing the 
newest data for the matching effective address) in the store 
target queue 540. For example, for each forwardable entry in 
the store target queue 540, the effective address of the entry 
may be compared to the load effective address. If there are, for 
example, 34 entries in the store target queue 540, circuitry 
602 for a 34 way comparison may be utiliZed. 
[0084] For each of the possible matching entries, a deter 
mination may then be made of which entry is the youngest, 
and thus contains the most recently updated store data. The 
determination of the youngest entry may be made, for 
example, using circuitry 604 which determines 34 way pri 
ority. In some cases, data stored in the store target queue 540 
(e. g., a timestamp) may be utiliZed to determine which match 
ing entry in the store target queue 540 is the youngest. Selec 
tion circuitry 542 may then select the youngest, matching 
entry in the store target queue 540 and provide the entry to the 
FWD select circuitry 606, which may, as described above, 
select between data forwarded from the store target queue 540 
and an execution unit 310. 

[0085] The selection circuitry 542 may also provide bits of 
the physical address or a page number for use in determining 
whether physical addresses (or a portion thereof) of the load 
and store instruction match. In some cases, where a page 
number is utiliZed, a bit may be provided which indicates 
whether the page number is valid (e.g., whether the data 
referenced by an effective address is actually located in a page 
in memory). If the page number is not valid, the page number 
may not be utiliZed for comparison of the load and store 
addresses, for example, because the data being stored may not 
be presently cached (e.g., a store miss may occur, in which 
case a forward may not be required). 

[0086] FIG. 7 is a block diagram depicting selection hard 
ware for determining the youngest, matching entry for a load 
instruction address in the store target queue 540 according to 
one embodiment of the invention. The selection hardware 
may include multiple comparison circuits 6020, 6021, . . . 
60234 for comparing the effective addresses of entries in the 
store target queue 540 with the load effective address (load 
EA). Also, as describe above, the selection hardware may 
contain priority circuitry 604 and selection circuitry 542. 
[0087] In some cases, depending on the capabilities of the 
processor being used, the selection hardware may also pro 
vide control signals which indicate whether a forward of data 
from a store instruction to a load instruction may be per 
formed. For example, if multiple, unaligned load-store con 
?ict hits are detected (determined using multiple hit detect 
circuitry 702, AND gate 710 and AND gate 712). Also, if an 
unaligned load-store combination is not detected, forwarding 
from a store register target to a load register source may be 
enabled (RT-RS forward enable, determined using AND gate 
710 and NOT gate 714). 
[0088] FIG. 8 is a block diagram depicting merging hard 
ware for merging data forwarded from a store instruction with 
data for a load instruction according to one embodiment of the 
invention. As depicted, data from the D-cache 224 may be 
passed through bank/word align circuitry 810 which aligns 
the bank and word data accordingly. The aligned data may 
then be formatted (which may include extending the sign of 


















