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HIERARCHICAL PROCESSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This subject matter of this application is related to 
the subject matter of co-pending application, entitled “Pro 
cessor With Branch Predictor,” attorney docket 0019 
003001, ?led on Aug. 29, 2005, hereby incorporated by 
reference. 

BACKGROUND 

[0002] There are a Wide variety of microprocessors avail 
able, and these may use different microarchitectures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] FIG. 1 is a block diagram illustrating an instruction 
pipeline of a processor 100 according to an example 
embodiment. 

[0004] FIG. 2 is a block diagram illustrating a multilevel 
instruction scheduler according to an example embodiment. 

[0005] FIG. 3 is a block diagram illustrating a multilevel 
instruction scheduler according to an example embodiment. 

[0006] FIG. 4 is a block diagram that illustrates an 
example system. 

[0007] FIG. 5 illustrates an example embodiment Where 
the level 2 scheduler 126 is coupled in parallel With level 1 
scheduler. 

[0008] FIG. 6 is a block diagram Where mapper may be 
coupled directly to level 1 as Well, according to another 
example embodiment. 

[0009] FIG. 7 is a block diagram illustrating a multilevel 
register ?le according to an example embodiment. 

[0010] FIG. 8 is a block diagram illustrating a multilevel 
register ?le according to an example embodiment. 

[0011] FIG. 9 illustrates an example embodiment of a 
bypass netWork. 

[0012] FIG. 10 is a block diagram illustrating a bypass 
netWork according to another embodiment. 

[0013] FIG. 11 illustrates a use ofa level 2 register ?le to 
provide an inter-cluster bypass mechanism or inter-cluster 
communication according to an example embodiment. 

[0014] FIG. 12 illustrates a store buffer according to an 
example embodiment. 

[0015] FIG. 13 is a block diagram illustrating a data path 
betWeen store bulfers of different clusters. 

[0016] FIG. 14 is a block diagram of a processor that 
illustrates an example use of trace-logs. 

[0017] FIG. 15 is a block diagram of a multi-core proces 
sor 1500 according to an example embodiment. 

DETAILED DESCRIPTION 

[0018] I. General Description of Example Processor 
Microarchitectures 

[0019] Referring to the Figures in Which like numerals 
indicate like elements, FIG. 1 is a block diagram illustrating 
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an instruction pipeline of a processor 100 according to an 
example embodiment. According to an example embodi 
ment, processor 100 may be hierarchical or may include one 
or more stages that may be multilevel. In an example 
embodiment, one or more pipeline stages may be grouped 
into a cluster (or execution cluster). Processor 100 may 
include multiple parallel clusters, With, for example, one or 
more stages being replicated in each cluster to provide 
parallel processing paths. 

[0020] Referring to FIG. 1, an instruction pipeline of 
processor 100 may include a number of pipeline stages. One 
or more of the pipeline stages may include multiple struc 
tures or may be multilevel. Processor 100 may include an 
instruction fetch unit (not shoWn) to fetch instructions and 
an instruction pointer (IP) 112 to provide an address of the 
next instruction to be decoded. Processor 100 may include 
one or more branch predictors to predict Whether a branch 
Will be taken, such as a level 1 branch predictor (BP1) 114 
and a level 2 branch predictor (BP2) 122, and a branch 
predictor queue (BPQ) 127. Processor 100 may also include 
one or more instruction caches to cache or store instructions, 
such as a level 1 instruction cache (I81) 116 and a level 2 
instruction cache (I82) 124. An instruction decoder 118 may 
decode architectural instructions into one or more micro 
operations or micro-ops (uops). It Will be recogniZed to one 
skilled in the art that the term uop and instruction are being 
used interchangeably, since some microprocessors (e.g. 
recent Pentiums) Will translate instructions into simpler 
forms (i.e. uops) While others (eg PoWerPC) Will not 
require any such translation. The concepts disclosed in this 
Work Will apply equally Well to either approach, With the 
only required difference being the existence of a more 
complicated decode stage. 

[0021] Processor 100 may include a mapper (or register 
renamer), such as a level 1 mapper (M1) 120 and/or a level 
2 mapper (M2) 150 to map architectural (or virtual) registers 
to physical registers. One or more instruction schedulers 
may generally schedule execution of micro-ops (uops) for 
execution, for example, When operands for an instruction are 
ready and the appropriate execution resources are available. 
According to an example embodiment, the scheduler may be 
a single scheduler or may include a multilevel scheduler (or 
multiple schedulers), such as level 2 scheduler (S2) 126 and 
one or more level 1 schedulers (S1) 132. 

[0022] According to an example embodiment, processor 
100 may include one or more clusters in parallel, With each 
cluster including one or more pipeline stages. In an example 
embodiment, the pipeline stages for each cluster may be 
replicated or duplicated for each of the multiple clusters to 
provide parallel processing paths. In the example processor 
shoWn in FIG. 1, processor 100 may include one or more 
clusters 130, such as clusters 130A, 130B and 130C. While 
three clusters are shoWn in the example processor of FIG. 1, 
any number of clusters may be used and the clusters may be 
heterogeneous. 

[0023] Referring to FIG. 1, cluster 130A may include a 
level 1 scheduler 132A, a level I register ?le (RF1) 134A, 
an operand capture array (OC) 135A to capture and provide 
operands to an execution unit, one or more execution units 
136A to execute micro-ops (uops) (or other types of instruc 
tions), a level one store bulfer (SB1) 138A to store data to 
be Written to memory, a level 1 data cache (D$1) 140A to 
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cache or store data and a level 1 instruction WindoW (IW1) 
142A Which may assist With early stages of retirement of 
micro-ops (uops). The other clusters 130B and 130C may 
similarly include one or more stages. For example, cluster 
130B may include one or more of: a level 1 scheduler 132B, 
a level 1 register ?le 134B, an operand capture array 135B, 
an execution unit(s) 136B, a level 1 store buffer 138B, a 
level 1 data cache 140B and a level 1 instruction WindoW 
142B. Similarly, cluster 130C may include, for example, one 
or more of: a level 1 scheduler 132C, a level 1 register ?le 
134C, an operand capture array 135C, an execution unit(s) 
136C, a level 1 store buffer 138C, a level 1 data cache 140C 
and a level 1 instruction WindoW 142C. 

[0024] Each cluster 130 (e.g., either 130A, 130B or 130C) 
may include the stages shoWn in FIG. 1, or may include a 
different set of stages, or may include only a subset of such 
stages shoWn in cluster 130 in FIG. 1. For example, in one 
embodiment, cluster 130A may include level 1 scheduler 
132A, level 1 register ?le 134A, execution units 136A and 
a level 1 data cache 140A. For example, cluster 130A may 
or may not include stages such as the operand capture array 
135A, level 1 store buffer 138A and a level 1 instruction 
WindoW 142A. In another example embodiment, cluster 
130A may include a level 1 scheduler 132A, a level 1 
register ?le 134A and execution units 136A. Many other 
combinations may be used for the clusters 130. 

[0025] Therefore, the stages or structures provided Within 
each cluster may be considered a per-cluster structure. For 
example, one or more of the level 1 schedulers (S1) 132, the 
level 1 register ?le (RFl) 134, operand capture array (QC) 
135, execution units 136, the level 1 store buffer (SB1) 138, 
the level 1 data cache (D$1) 140 and the level 1 instruction 
WindoW (IWl) 142 may be provided for each cluster (or 
provided on a per-cluster basis). 

[0026] In addition, one or more of the stages (or struc 
tures) provided Within a cluster 130 may be part of a 
multilevel structure, Where a ?rst level (level 1) of the 
structure is provided on a per cluster basis and a second level 
(level 2) of the structure is provided for multiple clusters or 
for all clusters (provided as an inter-cluster structure). For 
example, a multilevel scheduler may be provided that 
includes a level 1 scheduler (S1) 130A, 130B, or 130C 
(provided on a per-cluster basis) and an inter-cluster level 2 
scheduler (S2) 126 provided for multiple (or even all) 
clusters. 

[0027] Also, a multilevel register ?le may include a level 
1 register ?le (RFl) 132A, 132B, 132C provided per-cluster, 
and an inter-cluster level 2 register ?le (RF2) 152, for 
example. A multi-level store buffer may include, for 
example, a level 1 store buffer (SB1) 138A, 138B, 138C 
provided per-cluster (for each cluster), and an inter-cluster 
second level (L2) storage buffer (SB2) 154 provided for 
multiple or all clusters. Level 2 register ?le 152 may store 
execution results for instructions, Which may be made 
available as operands for other instructions. Level 2 register 
?le 152 may also include a level 2 instruction WindoW that 
may handle retirement of instructions. 

[0028] A multilevel data cache may include a per-cluster 
?rst level (L1) data cache (D81) 140A, 140B, 140C and an 
inter-cluster level 2 data cache (D$2) 156. A multilevel 
instruction WindoW may include a per-cluster ?rst level (L1) 
instruction WindoW (IWl) 142A, 142B, 142C, and an inter 
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cluster level 2 instruction WindoW (IW2) Which may be 
provided, for example as part of the level 2 register ?le 152. 

[0029] The use of a multilevel stage alloWs, for example, 
a smaller and/or faster structure to be provided Within the 
cluster that may be closer to the execution unit 136, While 
providing a larger and possibly sloWer structure for the stage 
to be used by multiple (or all) clusters. This multilevel 
structure may alloW certain time-sensitive tasks to be placed 
in smaller or faster structures located near the execution 
units to improve processing or execution speed While allo 
cating other tasks to other larger structures that may be 
common to multiple clusters. 

[0030] In addition, according to example embodiments, as 
noted above, the branch predictor, instruction cache and 
mapper stages may also be multilevel, and may each include 
both a per-cluster structure and an inter-cluster structure (not 
shoWn in FIG. 1), or, for example, may include multiple 
inter-cluster structure (e.g., as shoWn in the example of FIG. 

1). 
[0031] The example features and operation of the stages of 
the example processor 100 in FIG. 1 Will noW be described 
in more detail. The instruction pointer (IP) 112 may identify 
or point to the location in memory from Which a next 
instruction may be fetched. According to an example 
embodiment, level 1 branch predictor 114 may predict 
Whether a branch instruction exists at that location and if the 
branch is taken and may Write the address of the branch 
instruction and the prediction into the branch predictor 
queue 127. Level 2 branch predictor 122 may read predic 
tions out of the branch predictor queue 127 and verify them. 
In an example embodiment, level 1 branch predictor 114 
may be a relatively fast branch predictor, While level 2 
branch predictor may be larger and sloWer, but more accu 
rate than predictor 114. Branch predictors 114 and 122 may 
verify or check the accuracy of their branch predictions 
based on execution results received via line 125, for 
example. Branch predictors 114 and 122 may be any type of 
branch predictors. 

[0032] Processor 100 may also include one or more 
instruction caches to cache instructions. For example, 
instructions may be initially stored or cached in level 1 
instruction cache 116 and Written through to the level 2 
instruction cache 124, for example. A least recently used 
(LRU) algorithm or other caching algorithm may be used to 
manage the instructions stored in the instruction caches 116 
and 124. The instruction caches 116 and/or 124 may be any 
type of instruction cache, such as a cache for architectural 
instructions, a decoded instruction cache (or micro-op 
cache), a trace cache, etc. Instruction decoder (D) 118 may 
be coupled to the instruction caches 116 and/or 124 to 
decode architectural instructions into one or more micro 
operations (micro-ops or uops), for example. 

[0033] An allocation of resources may be performed for 
each decoded uop (e.g., by level 1 mapper 120 or other 
structure or stage, Which may or may not be shoWn in FIG. 
1). This allocation of some resources may include, for 
example: allocating for each uop, an entry in the level 2 
register ?le to store the execution result for the uop. The 
entry in the level 2 register ?le 152 for the uop may also 
include a ?eld indicating the status of the uop. The different 
status for a uop that may be tracked in its entry in the register 
?le 152 may include, for example: uop is scheduled for 
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execution, uop is executing, uop has completed execution 
and results are being Written back to the register ?le entry, 
uop is ready for retirement, and uop is being retired. This 
allocation may be performed by an allocator stage (not 
shoWn, Which could be provided just before mapper 120, for 
example), or by another stage such as the level 1 mapper 
120. 

[0034] The mapper (or register renamer) in processor 100 
may be a single structure or may be multilevel. According to 
an example embodiment, processor 100 may include a 
limited set of architectural registers (e.g., eax, ebx . . . ) that 

may be seen or accessed by a programmer. Processor 100 
may include a larger set of physical registers, shoWn as the 
level 2 register ?le (a portion of Which may be cached by the 
level I register ?le 134 and/or the operand capture array 
135). A uop may include multiple ?elds, e.g., ?elds that 
specify tWo source operands and a destination operand. Each 
of these operands or ?elds may reference one of the archi 
tectural registers. According to an example embodiment, 
level 1 mapper 120 may associate each of the uop ?elds that 
reference an architectural register With a register in the level 
2 register ?le 152. Level 1 mapper 120 may store or maintain 
a register alias table (RAT) or map shoWing the mapping of 
architectural registers to physical registers (e.g., registers in 
the level 2 register ?le 152). 

[0035] As neW uops are received at level 1 mapper 120, a 
physical register in the level 2 register ?le 152 is allocated 
for the uop’s execution result, and the uop’s register oper 
ands may be mapped to point to the appropriate physical 
registers in the level 2 register ?le 152. An updated map is 
generated, and older maps, representing previous states 
(e.g., earlier in the uop stream) of physical to architectural 
register mappings may also be stored in the level 1 mapper 
120, or may be moved to level 2 mapper 150. 

[0036] According to an example embodiment, processor 
100 may accommodate a single thread, and may accommo 
date multiple threads or multi-threading. A thread may 
include a basic unit of programming. Threads and clusters 
(130) may be related. Multiple parallel threads may share (or 
execute over) a cluster. One thread may execute over mul 
tiple clusters. In addition, processor 100 may implement a 
policy Wherein there is thread affinity for each cluster, that 
is, Where processor 100 may, Where possible, allocate one 
thread per cluster, although this is not required. A thread may 
migrate from one cluster to another cluster, and a ?rst thread 
may spaWn (or fork) a second thread, Which may be pro 
vided over a separate cluster, for example. 

[0037] According to an example embodiment, a single 
instruction scheduler may be used. According to another 
embodiment, a multilevel scheduler may be used, such as a 
combination of inter-cluster level 2 scheduler (S2) 126 and 
a level 1 scheduler (S1) 132 for each cluster (e.g., scheduler 
132A for cluster 130A, scheduler 132B for cluster 130B, and 
scheduler 132C for cluster 130C). 

[0038] Level 2 scheduler 126 may perform several tasks. 
Scheduler 126 may implement a policy to assign threads or 
individual uops to clusters according to a speci?c criteria or 
policy. For example, level scheduler 126 may assign a ?rst 
thread to cluster 130A, a second thread to cluster 130B and 
a third thread to cluster 130C. Alternatively, scheduler may 
implement a load balancing policy Where the scheduler 
allocates uops in order to approximately balance the uop 
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load across the available clusters, e.g., to provide greater 
processing throughput or more ef?ciently use the available 
processing resources. Level 2 scheduler may also forWard 
each uop to a selected cluster (a selected level 1 scheduler) 
based on the policy, such as load balancing or thread a?inity, 
or some other policy. Each uop, for example, may include a 
thread ID that identi?es the thread the uop is associated With. 
Level 2 scheduler 126 may forWard each uop to a cluster 
based on the thread ID for the uop (e.g., assigning one thread 
per cluster). 

[0039] As another example, When a ?rst thread, assigned 
to a ?rst cluster, spaWns a second thread, scheduler 126 may 
assign the second thread to a second cluster. Thereafter, the 
uops associated With the spaWned thread may be forWarded 
by scheduler 126 to the second cluster, While uops associated 
With the original thread may continue to be forWarded to the 
?rst cluster, for example. 

[0040] In an example embodiment, level 2 scheduler 126 
may store operand status information for each uop indicating 
When each of the source operands for the uop are available 
and ready for execution. Level 2 scheduler 126 may forWard 
a uop to a level 1 scheduler after the source operands for the 
uop are available, or level 2 scheduler 126 may speculatively 
forWard a uop to level 1 scheduler before operands are ready. 
In an example embodiment, level 2 scheduler may forWard 
uops to a level 1 scheduler in groups, such as in groups of 
three uops, four uops, ?ve uops, etc. A group of uops 
forwarded by scheduler 126 to a selected cluster may 
include a group of uops that include dependency chains 
betWeen uops in the group. For example, if level 2 scheduler 
126 detects that one or more source operands of a ?rst uop 
are noW ready, level 2 scheduler 126 may forWard that ?rst 
uop to the level 1 scheduler and one or more additional uops 
that may be dependent upon the ?rst uop or that may be 
dependent upon the same operands detected as ready, or that 
may be related to the ?rst uop, etc. These are merely 
examples of features and operation the level 2 scheduler 126 
may perform, and the present disclosure is not limited 
thereto. 

[0041] Each level 1 scheduler 132 (e.g., 132A, 132B and 
132C) may receive uops from the level 2 scheduler 126. 
Each level 1 scheduler 132 may also maintain operand status 
information for each uop it receives indicating When each of 
the source operands for the uop are available and ready for 
execution. In an example embodiment, each level 1 sched 
uler 132 may schedule or dispatch each individual uop for 
execution When execution resources (e.g., required execu 
tion units 136) are available and operands for the uop are 
ready, for example. Alternatively, level 1 schedulers 132 
may speculatively dispatch uops to execution unit 136 for 
execution even if the source operands are not yet ready. 

[0042] Each cluster 130 may include an execution unit (X) 
136 (e.g., execution unit 136A for cluster 130A, execution 
unit 136B for cluster 130B and execution unit 136C for 
cluster 130C). Each execution unit 136 may include, for 
example, tWo arithmetic logic unit (ALU) execution units 
and tWo memory execution units, although any number and 
arrangement of execution units may be used. The memory 
execution units may include, for example, a memory store 
(memory data Write) execution unit to perform memory 
stores and a memory load (memory read) execution unit to 
perform memory loads. 
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[0043] A multi-level store bulfer may be used, Which may 
include, for example, the inter-cluster (or shared) level 2 
store bulfer (SB2) 154, and a per-cluster level 1 store bulfer 
(SB1) 138 (e.g., store bulfer 138A for cluster 130A, store 
bulfer 138B for cluster 130B and store bulfer 138C for 
cluster 130C). Level 2 store buffer 154 may alloW, for 
example, threads to be spread across multiple clusters, such 
as for thread migration. If the uop is a memory store 
instruction, an entry may be allocated (e.g., by level 2 
scheduler 126 or a level 1 scheduler 132) in the selected 
cluster’s per-cluster level 1 store bulfer (SB1) 138 to store 
the data to be Written to memory. According to an example 
embodiment, store values may be initially Written to the 
associated level 1 store buffer (e.g., store bulfer 138A for a 
store instruction in cluster 130A). Store values may be 
Written from the level 1 store buffer 138 to level 2 store 
buffer 154 When there is space in the level 2 store bulfer, e. g., 
as part of a Write-through or other cache coherency algo 
rithm to maintain consistency of the data betWeen level 1 
store bulfers 138 and level 2 store buffer 154. An algorithm, 
such as a least recently used (LRU) or other algorithm may 
be used by level 1 store bulfers 138 and level 2 store buffer 
154 to manage the storage of data in the store buffers. When 
the store operation (memory Write) is completed and that 
store uop has been retired, the data in the store bulfers may 
be deleted and the associated entry in the level 1 store buffer 
138 may be re-allocated to another memory store uop. 
According to an example embodiment, level 1 store bulfers 
138 may be smaller and faster store buffers, While level 2 
(shared) store bulfer may be larger than and possibly not as 
fast as the level 1 store bulfers 138. 

[0044] According to an example embodiment, a multilevel 
data cache may be used, such as a level 2 data cache (D952) 
156 shared by multiple (or all) clusters and a (per-cluster) 
level 1 data cache 140 for each cluster (e. g., data cache 140A 
for cluster 130A, data cache 140B for cluster 130B and data 
cache 140C for cluster 130C). The level 1 data caches 140 
may, for example, be smaller and faster than the level 2 data 
cache 156. Data received by processor 100 from memory, 
e.g., in response to a memory load operation (memory read), 
is shoWn by line 162A (for cluster A memory loads), line 
162B (for cluster B memory loads) and line 162C (for 
cluster C memory loads). The data received in response to 
the memory load operation (received via lines 162) may be 
input to the level 1 data cache 140 for the associated cluster, 
and then may be Written through to the level 2 data cache 
156, for example. The data from the memory load operation 
may also be input to the execution units 136 (such as the 
memory load execution unit) for the associated cluster. 

[0045] According to an example embodiment, a single 
register ?le may be used. In another embodiment, a multi 
level register ?le may be used. For example, a multilevel 
register ?le may include an inter-cluster (shared by multiple 
clusters or all clusters) level 2 register ?le (RF2) 152 and one 
or more per-cluster register ?les (such as level I register 
?les, RF1, 134). The level 2 register ?le 152 may include a 
number of physical (alias) registers to store execution 
results. Aregister in the level 2 register ?le may be allocated 
for each uop to store the execution result for the uop. The 
per-cluster register ?les, such as a level I register ?le (RF1) 
134, may be provided for each cluster (e.g., register ?le 
134A for cluster 130A, register ?le 134B for cluster 130B 
and register ?le 134C for cluster 130C). In an example 
embodiment, the level 2 register ?le and the per-cluster level 
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I register ?les 134 may provide a tWo-level register ?le. In 
such case, the level I register ?le 134 may store and provide 
operand values to execution units 136 including immediate 
literal values (from instructions), and register values 
obtained through a variety of mechanisms, including long 
standing register values Which may have been previously 
read, bypassing of results just being Written. The level I 
register ?le 134 may operate to store values recently Written, 
and may be indexed in time, or may use a capture CAM 
(content addressable memory), e.g., associatively indexed 
by physical register number Written. 

[0046] According to another embodiment, a multilevel 
register ?le may be used that employs, for example, three 
levels, and may include, for example: inter-cluster level 2 
register ?le 152, a per-cluster level I register ?le 134 and a 
per-cluster operand capture array 135 (including operand 
array capture 135A for cluster 130A, operand capture array 
135B for cluster 130B and operand capture array 135C for 
cluster 130C). In this example embodiment, each operand 
capture array may store and provide operand values to 
execution units 136 including immediate literal values (from 
instructions), and register values obtained through a variety 
of mechanisms, including long standing register values 
Which may have been previously read, bypassing of results 
just being Written, and may operate to store values recently 
Written. Operand capture array 135 may provide a relatively 
small and fast cache to store and provide operand values to 
execution units 136. These register values may also be 
cached or stored in the level I register ?le 134 of the same 
cluster (as the operand capture array 135) as Well as the level 
2 register ?le 152. 

[0047] As shoWn in FIG. 1, execution results output from 
execution units 136 may be input via line 160A (cluster 
130A), line 160B (for cluster 130B) and line 160C (for 
cluster 130C) to operand capture array 135 and the level I 
register ?le of the associated cluster. These values may be 
Written to level 2 register ?le as Well, either directly, or as a 
Write-through from the level I register ?le 134 to the level 
2 register ?le When values are Written to the level I register 
?le, for example. 

[0048] Alternatively, execution results output from execu 
tion units 136 may be Written to level 2 register ?le 152, and 
then sent from level 2 register ?le 152 to the level I register 
?le 134 Where it may update the values in its registers (if the 
input value matches a register it is storing). The execution 
results may also be input to the operand capture array 135 of 
the associated cluster to be stored in the operand capture 
array, e.g., if the operand capture array is looking for those 
results as an operand for another instruction or uop. The 
name of the register may be provided to level 2 scheduler 
126 and/or the level 1 scheduler for the associated cluster so 
the schedulers may receive updated information as to Which 
operands may be ready (e.g., to alloW instruction scheduling 
decisions to be made). 

[0049] According to an example embodiment a single 
level instruction WindoW (or retirement stage) may be used, 
or a multilevel instruction WindoW (or retirement stage) may 
be used. The instruction WindoW may be generally respon 
sible for handling retirement of uops. In a multilevel instruc 
tion WindoW, for example, a (per-cluster) level 1 instruction 
WindoW (IW1) may be provided for each cluster (instruction 
WindoW 142A for cluster 130A, instruction WindoW 142B 
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for cluster 130B, instruction WindoW 142C for cluster 
130A). The level 1 instruction WindoWs 142A may perform 
early services in retirement of uops. A shared level 2 
instruction WindoW (Which may be provided as part of level 
2 register ?le 152) may complete the retirement process for 
uops from all clusters, according to an example embodi 
ment. 

[0050] II. Further Examples of Some Multilevel Structures 
and Other Details 

[0051] A. Example Multilevel Instruction Scheduler 
[0052] According to an example embodiment, an instruc 
tion scheduler may keep or develop a set of candidate 
instructions Within the instruction WindoW and decide When 
each instruction (or uop) should be executed, although 
instruction schedulers may perform many functions and in a 
variety of different Ways. According to an example embodi 
ment, the instruction scheduler may be divided into tWo 
structures: a smaller (and thus typically faster) instruction 
scheduler that may typically be closer to the execution units, 
and a larger (and thus typically sloWer) instruction scheduler 
that is typically farther aWay from the execution units. These 
may be referred to as the level 1 (L1) and level 2 (L2) 
instruction schedulers (IS), although the concept generaliZes 
to more levels of hierarchy. 

[0053] FIG. 2 is a block diagram illustrating a multilevel 
instruction scheduler according to an example embodiment. 
Referring to FIG. 2, a level 2 instruction scheduler 226 is 
coupled to multiple clusters (or execution clusters), includ 
ing clusters 230A and 230B. Although only tWo clusters are 
shoWn in this example, any number of clusters may be used. 
Each cluster may include a level 1 scheduler and one or 
more execution units. For example, cluster 230A may 
include a level 1 scheduler 232A and execution units 23 6A, 
While cluster 230B may include level 1 scheduler 232B and 
execution units 236B. 

[0054] In an example embodiment, the level 1 schedulers 
and the level 2 scheduler may include a comparison circuit 
(or “picker”) or a timing Wheel circuit. For example, a picker 
may include a content addressable memory (CAM) port. The 
picker Will have multiple entries (e.g., one entry per uop) 
and multiple CAM ports to detect When operands (or register 
values for one of the physical registers) for an instruction 
become available (e.g., neW value for the register operand 
returned from execution units). For example, if the instruc 
tion scheduler has 32 entries, and each entry may have, for 
example, tWo inputs (source operands), and there are four 
execution unit results produced each clock cycle (one from 
each execution unit in the cluster), then the instruction 
scheduler may include 256 comparison circuits and four 
CAM ports corresponding to the four execution units. Each 
instruction or uop in the scheduler may identify the tWo 
source operands (or input physical registers). During each 
clock cycle, the comparison circuit for each instruction may 
check for a neW result data that matches one of the inputs to 
one of the pending instructions. In this manner, the scheduler 
may keep track of When the source operands are ready for a 
number of different instructions or uops Waiting to be 
scheduled for execution. The scheduler may dispatch or 
forWard the instructions or uops for execution When the 
source operands for the instruction are ready and execution 
resources are available, for example. 

[0055] A timing Wheel circuit may control Which instruc 
tions or uops Will be executed using a different mechanism. 
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In the exemplary timing Wheel circuit, instructions are 
placed in a list, and may be positioned on the list based on 
When they are expected to be ready for execution (instruc 
tions may be speculatively scheduled). Therefore, in a 
timing Wheel circuit, it may be possible to schedule instruc 
tions that are not yet ready to be executed but are expected 
to be ready in the future. The instruction buffer for a timing 
Wheel may be a circular buffer, for example, Where instruc 
tions that Were not yet ready to execute When their time for 
execution occurred, may be automatically executed in the 
future after the Wheel completes one rotation. A picker and 
a timing Wheel circuit are merely tWo types of circuits that 
schedulers may use to schedule instructions for execution, 
and many other techniques may be used. 

[0056] According to an example embodiment, the level 1 
and level 2 schedulers may each use a picker circuit or a 
timing Wheel circuit, or both. For example, a level 1 sched 
uler may include a picker circuit folloWed by a timing Wheel. 
On the other hand, the level 2 scheduler 126 may include a 
timing Wheel folloWed by a picker circuit. Also, the sched 
ulers may include short cut circuits, for example if there is 
no entry in the level 1 scheduler timing Wheel and a neW 
instruction enters the level 1 scheduler, it is able to bypass 
the picker circuit. Similarly, the level 2 scheduler may be 
skipped if space is available in the level 1 scheduler. 

[0057] FIG. 3 is a block diagram illustrating a multilevel 
instruction scheduler according to an example embodiment. 
A level 2 scheduler may include a timing Wheel circuit 302 
and a picker circuit 304. Each execution cluster may include 
a picker circuit and a timing Wheel circuit. For example, a 
?rst cluster may include a picker circuit 306 and timing 
Wheel circuit 312, a second cluster may include a picker 
circuit 308 and a timing Wheel circuit 314, While a third 
cluster may include a picker circuit 310 and a timing Wheel 
circuit 316. Furthermore, the clusters may be heterogeneous, 
With some having just pickers, others timing Wheels, and 
others both. 

[0058] In an example embodiment, a level 1 scheduler 132 
may have 4 CAM ports, one for each of the 2 integer ALU 
and 2 load ports of the prototypical execution unit cluster. 
The level 1 scheduler may use picker circuits that ?re or 
indicate to the scheduler When all operands for the uop are 
expected to be ready or When all operands for the uop are 
ready. A level 1 scheduler 132 may dispatch one uop at a 
time to the execution units 136, for example (or one uop per 
execution unit per clock cycle, Where execution unit 136 
may include 4 execution units). 

[0059] In an example embodiment, the level 2 scheduler 
126 may contain 16 partitions, each of 64 entries. Each entry 
may include 4 uops. Each entry may have 3 CAM ports. 
Each entry may specify a logic function to be satis?ed by the 
input operands, such as (Sl&S2&S3), any ready (SllS2lS3), 
and any number of other logic functions, such as 
(Sl&S2]S3). An entry is treated as ready When the logic 
function is satis?ed, thereby indicating to the level 2 sched 
uler that the uop’s operands are available and the uop may 
be dispatched for execution. 

[0060] Alternatively, level 2 scheduler 126 (FIG. 1) may 
speculatively forWard the group of instructions to a selected 
level 1 scheduler, ie before all operands (inputs) are ready. 
For example, if an instruction has tWo input (source oper 
ands), the uop can be forWarded from the level 2 scheduler 



US 2007/0083735 A1 

to the level 1 scheduler Whenever either of its inputs (or 
source operands) is available. This may be performed since 
the level 1 instruction scheduler may still track that depen 
dence. 

[0061] Multiple instructions (uops) may be grouped 
together before they are placed in the level 2 instruction 
scheduler. This group of uops or instructions may be related 
through a dependence chain, may be unrelated, or may be 
selected Without regard to their dependence relationship 
(eg in the original program order). The level 2 scheduler 
may then forWard the entire group to the level 1 scheduler 
Whenever any of the inputs become available, Which may 
indicate that some of the instructions Within the same basic 
block (or group) have begun to execute and thus the rest of 
the instructions are good candidates to begin execution very 
soon. This is merely one example. 

[0062] Therefore, according to an example embodiment, 
the level 2 scheduler 126 may perform rough or approximate 
scheduling, While the level 1 schedulers 132 may perform 
precise (or more precise) scheduling or dispatch of uops. For 
example, a level 2 scheduler 126 may schedule groups of 
uops, While level 1 schedulers 132 may scheduler execution 
of individual uops. In an example embodiment, level 2 
scheduler 126 may dispatch or forWard a group of uops (or 
instructions) to a level 1 scheduler. The group of uops 
dispatched or forWarded to the level 1 scheduler may be a 
dependency chain of uops (e.g., a group of uops having 
some type of dependency relationship). This group of uops 
may be forWarded to the appropriate level 1 scheduler When 
only one (or some) of the group of uops are ready for 
execution, or Where some operands for at least one uop in the 
group is ready (and the remaining uops being speculatively 
forWarded). For example, the level 2 scheduler may forWard 
a group of 4 uops When only one of three operands or inputs 
for one of the uops is ready, or When one of the uops is ready 
to execute (e.g., all operands of the one uop being ready). 

[0063] In this manner, circuitry for the level 2 scheduler 
may be reduced or simpli?ed since feWer CAM ports may be 
needed for the level 2 scheduler. 

[0064] The scheduling groups of uops for dispatch by the 
level 2 scheduler 126 may be built or grouped built by 
mapper 120, for example. FIG. 4 is a block diagram that 
illustrates an example system Where a uop group builder 402 
may build groups of uops to be dispatched or forWarded as 
a group to one of the level 1 schedulers, e. g., When a speci?c 
condition is met. For example, the group of 4 uops may be 
forWarded to a selected level 1 scheduler When one operand 
of the group is available, or When one uop (or instruction) of 
the group is ready for execution. 

[0065] According to an example embodiment, the level 2 
scheduler may be skipped if the appropriate level 1 sched 
uler is not full. FIG. 5 illustrates an example embodiment 
Where the level 2 scheduler 126 is coupled in parallel With 
level 1 scheduler 132 to level 1 mapper 120. This may alloW 
uops or instructions to be directly input to both levels of 
schedulers, and may facilitate skipping a level 2 scheduler if 
the level 1 scheduler is not yet full. FIG. 6 is a block diagram 
Where mapper may be coupled directly to level 1 as Well, 
according to another example embodiment. 

[0066] According to an example embodiment, a large 
level 2 instruction scheduler 126 may be shared among 
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multiple level 1 schedulers. This may alloW clusters of 
execution units to be built and the level 2 scheduler space 
and e?iciently shared among them. This design is shoWn in 
FIG. 2, for example, for a system With tWo clusters. The 
approach generaliZes to any number of hardWare clusters 
and their associated level 1 instruction schedulers. An 
example goal of having any private level 1 and shared level 
2 structure, Whether it be ordinary caches or the instruction 
schedulers in this design, may be to alloW the smaller 
structures to be fast and near a place of need (such as near 
execution units), While alloWing the larger structure to be 
shared ef?ciently. If one cluster requires a very large set of 
instructions in the active instruction WindoW the shared level 
2 structure can dynamically allocate it more entries. If the 
load is roughly equal among all clusters, then the level 2 
structure can be shared equally. And, according to an 
example embodiment, the number of entries allocated in the 
level 2 structure (such as the level 2 instruction scheduler) 
for each cluster can change over time to re?ect the changing 
dynamics or changing needs of executing programs. 

[0067] According to an example embodiment, the level 2 
instruction scheduler 126 may be physically partitioned. 
Each partition in the level 2 scheduler may be assigned to 
service a single (or different) level 1 instruction scheduler, 
and each level 1 instruction scheduler may be associated 
With multiple level 2 scheduler partitions. This assignment 
may be varied dynamically, and therefore, the partition siZe 
may be considered to be a granularity for resource allocation 
Within the level 2 instruction scheduler for the multiple 
clusters. The bene?t of this approach is that it greatly 
reduces the number of CAM ports that are needed for the L2 
instruction scheduler. Each picker (or comparison) circuit 
may typically Watch (or receive data from) the output of 
each execution unit. If a level 2 scheduler physical partition 
may hold instructions for multiple level 1 clusters, it should 
typically have a port to match the output of each execution 
unit from each cluster, according to an example embodi 
ment. By associating each level 2 partition With one cluster 
rather than N (for an N cluster machine), the number of such 
ports may be reduced from N*M to M (for a cluster With M 
execution units). 

[0068] According to an example embodiment, the sched 
ulers (e.g., level 1 scheduler and/or level 2 scheduler) in 
processor 100 may sometimes speculatively schedule a uop 
for execution. That is, the scheduler may sometimes sched 
ule a uop for execution before all of the conditions necessary 
for correct execution have been met (e.g., not all inputs or 
source operands are ready yet, but are expected to be ready 
soon). In such a case, the expectation or hope is that all the 
conditions necessary for correct execution Will have been 
met by the time the uop is actually executed. If the condi 
tions necessary for correct execution are not ready When the 
uop Was executed, the uop must be re-issued for execution 
(re-executed), and this is often referred to as replay. Example 
causes of replays may include: cache misses, dependency 
violations, unforeseen resource constraints, etc. 

[0069] According to an example embodiment, processor 
100 may include a recovery scheduler, and may replay uops. 
Replays may be scheduled using the original scheduler, but 
operations aWaiting long latency replays may be moved out 
of the critical level 1 schedulers into an auxiliary structure. 
Furthermore, there may be a scheduler circuit that cancels 
replay storms, a so-called anti-scheduler. 




























