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(57) ABSTRACT 

System for accurately predicting the outcome of conditional 
branch instructions Subject to execution in a pipelined 
processor digital computer. The System comprises a Series of 
predictor Stages utilizing different prediction algorithms. 
The Stages are linked to Successively refine branch predic 
tions only where prediction accuracy from a previous Stage 
is likely to be improved by a Subsequent Stage. Improve 
ments to each Stage and techniques for Stage linkage are 
described. 
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BRANCH PREDICTOR WITH SERIALLY 
CONNECTED PREDICTOR STAGES FOR 

IMPROVING BRANCH PREDICTION ACCURACY 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates generally to computer 
System central processors and more particularly to predict 
ing outcomes of conditional branch instructions. 
0.003 2. Description of the Background Art 
0004 Computer designers have developed a number of 
techniques to improve the performance of various computer 
architectures. These techniques include forms of memory 
caching and hardware parallelism, including pipelining. 
0005 Pipelined processors decompose the interpretation 
and execution of instructions into Separate operations that 
can be performed in parallel, or simultaneously. Each pro 
ceSSor Stage of a pipelined processor can, ideally, complete 
one operation from an instruction during each machine cycle 
and pass the instruction on to the next stage. In theory, the 
effective Speed of a P-Stage pipelined processor is thus P 
times the Speed of a non-pipelined equivalent, Since pipe 
lined processors need not wait until one instruction is 
completely finished before execution of the next instruction 
can begin. 
0006 Various practical limitations on pipeline perfor 
mance can prevent a pipelined processor from achieving this 
theoretical improvement in performance. One of the most 
important of these limitations occurs when the Sequence of 
instructions to be executed is not known in advance. In 
particular, the instruction to be executed next after a condi 
tional branch instruction may not be known for certain until 
after the conditional branch is executed. In this case, the 
pipeline will have to wait, and performance Suffers. 
0007. This application uses the following meanings: con 
ditional branch instructions test a condition specified by the 
instruction. If the condition is true, then the branch is 
“taken” (T); that is, instruction execution begins at the new 
address Specified by the instruction. If the condition is false, 
the branch is “not-taken” (N) and instruction execution 
continues with the instruction Sequentially following the 
branch instruction. Since most program code contains a 
large number of Such branches, their impact very significant. 
Avoiding branch condition delay penalties is critical to 
improving pipelined processor performance. 
0008 Branch prediction is the anticipatory designation of 
the branch condition. By predicting the direction of the 
conditional branch, the processor can, while waiting for 
branch condition resolution, begin or prepare to begin 
execution of the next instructions in that path. In other 
words, branch prediction mechanisms guide the pre-fetching 
or the conditional issuance of instructions in a particular 
path in an attempt to keep the pipeline full and free from 
Stalls. Branch target prediction, i.e. prediction of Specific 
address offsets or Specific instructions to be executed, is not 
addressed by this invention. 
0009. Accurate prediction of branch instructions is vital 
to the efficient use of pipelines. Mispredicting a branch 
results in discarding much speculative work and delayS 
execution of a program. If instructions in a wrong path have 
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been fetched and decoded, those instructions must be 
flushed from the pipeline. The pipeline must then be loaded 
with new instructions corresponding to the correct path 
before the execution unit can resume processing. Con 
versely, Since the correct instructions were not predicted and 
Started early, an opportunity to advance is missed. Thus, a 
poor branch prediction Scheme can have Severe penalties 
that neutralize the potential parallelism advantages of a long 
processor pipeline. 
0010 Branch prediction techniques are typically catego 
rized as Static or dynamic. Static techniques make the same 
guess regarding branch direction each time a particular 
branch is encountered. One Static branch prediction method 
Simply assumes that all encountered branches follow a fixed 
assignment, i.e. they are either always “taken” or always 
“not-taken.” The validity of this assumption can vary greatly 
with the type of program being executed. For example, 
many branches are programmed merely for management of 
potential but rare error conditions, So for Such branches it 
would usually be correct to predict that all branches are 
“not-taken.” Another Static method is to use only the direc 
tion of the branches to make a prediction. The branch is 
predicted to be “taken” if the branch is backward, i.e. the 
target address is earlier in the program listing than the 
branch instruction; otherwise the branch is predicted to be 
“not-taken.” This Strategy detects loops in a program and 
WorkSparticularly well when loops are iterated many times, 
as in Scientific programs with equation evaluation loops. 
Fairly high prediction accuracy is possible with Static pre 
dictors for loop control branches, but the exit from the loop 
is incorrectly predicted by this Strategy. Yet another Static 
method is to use information from compilation and pre 
execution of the program as a profile to guide branch 
prediction. Ideally, the compiler can assign a branch predic 
tion to every branch in the program, but there are drawbacks 
to this approach, i.e. pre-execution takes time, and it is not 
widely used. In the applications where Static predictors work 
well, the outcome of any one branch tends to be independent 
of the outcomes of other branches. 

0011. There are many workloads where control transfers 
are intensive and thus the relation between branches is not 
as simple as the situations described above. The outcomes of 
branch decisions for Such applications are usually neither 
constant nor looping, but are strongly affected by their own 
past histories and by the outcomes of preceding branches. 
Static branch prediction methods are therefore generally not 
adequate for accurately predicting actual program behaviors, 
and in Some cases can actually reduce the branch prediction 
accuracy below that achievable by mere chance. 
0012 Dynamic branch prediction schemes differ from 
Static Schemes in that they base their predictions on the 
actual run-time behaviors of program branches. The execu 
tion Sequence that a program follows can vary in ways that 
cannot be predicted by Static algorithms. Different input data 
during different program runs can cause differences in 
execution Sequences that neither optimizing compilers nor 
Static mechanisms can Successfully predict. A branch might 
also execute consistently one way in one part of a given 
program run, but the other way in another part of the run, So 
only a branch predictor that adapts to these changes during 
execution can make accurate predictions. Although branch 
outcomes are variable, they are usually not the result of 
random activities, most of the time they are correlated with 
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past branch behavior. By keeping track of the history of 
branch outcomes, it is possible to anticipate with a high 
degree of certainty which direction future branches will take, 
and therefore to optimize program execution. Dynamic 
branch predictors are popular because they can be imple 
mented entirely in hardware and can therefore accurately 
predict branches without changes to the processor instruc 
tion Set or to compiled programs. All of the various dynamic 
branch prediction methods that have been proposed use the 
history of previous branches to predict how a current branch 
will behave. 

0013 Bimodal Predictor 
0.014) Most conditional branches behave in a bimodally 
biased manner; they are either “taken' most of the time, or 
“not-taken” most of the time. The assumption that the most 
recent branch directions represent the probable next branch 
direction is usually valid, so the past behavior of the branch 
can provide some predictability about the future behavior of 
the branch. In U.S. Pat. No. 4,370,711 by Smith, an array of 
2-bit Saturating up/down counterS is proposed to Store infor 
mation about the recent history of each branch in a program. 
FIG. 1 is a block diagram of a typical bimodal predictor. 
Each counter 10 in the branch counter array 12 is addressed 
by the low order bits of the address of the branch instruction 
on line 14 in the program counter; building a full array 
addressed directly by all the program counter bits would be 
uneconomical. FIG. 2 shows a state diagram for a 2-bit 
Saturating up/down counter. When a particular branch is 
“taken,” the respective counter is incremented. Each time 
the branch is “not-taken,” its counter is decremented. The 
counterS Saturate, i.e. they do not count above three or below 
Zero. Counter Saturation guarantees that the predictor can 
adapt relatively quickly to new programs, phases of execu 
tion, or input data, in contrast to Simple Static predictors. A 
count in the upper half of the range (10 or 11) predicts that 
the branch will be taken; a count in the lower half (00 or 01) 
predicts that it will not. Branches are thus binned into four 
categories, Strongly-taken, weakly-taken, weakly not-taken, 
and Strongly not-taken. 

0.015 Smith observed empirically that a 2-bit counter 
provides an appropriate amount of damping to changes in 
branch direction. A 1-bit counter simply records the Single 
most recently executed branch direction and does not aver 
age recent executions. The 2-bit counter captures more of 
the recent branch history, So the predictor is more tolerant of 
a branch going in an anomalous direction. For example, with 
the stream of branch executions . . . NNNTNNN . . . , the 
1-bit predictor gives two mispredictions, the first when the 
branch is anomalously “taken,” and the Second when it is 
Subsequently “not-taken.” Use of a 2-bit counter results in 
only one incorrect prediction in this situation. Generally, the 
2-bit counter's branch prediction should not reverse during 
an extended bimodally biased Sequence unless the branch 
goes the unlikely direction twice in a row. There are excep 
tional situations that can cause Smith's 2-bit counter-based 
predictor to predict wrongly all the time, e.g. the alternating 
sequence TNTNTN. . . , when starting from initial state 01. 
Such situations are rare, though, So 3-bit or higher counters 
do not appear to offer any significant advantage over 2-bit 
counters, considering their additional hardware cost. 
0016. Another advantage of using a count becomes 
apparent when a collision occurs, i.e. more than one branch 
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instruction happens to address the same location in the 
branch counter array. When this happens, a count tends to 
result in a “vote” among the branch instructions that map to 
the same index, and predictions are made according to the 
way the "majority of the more recent decisions were made. 
This helps maintain high prediction accuracy, although not 
as high as if there were no collisions. 
0017 Local Predictor 
0018 Aparticular branch instruction will often execute in 
repetitive patterns during program execution. A loop control 
branch is a common example of this behavior. A loop control 
branch with three evaluations followed by an exit will have 
a branch history of the form TTTNTTTN. . . as the loop is 
evaluated (“taken”) three times before the loop is exited 
(“not-taken'). A dynamic branch predictor that tracks the 
pattern recently executed by a particular branch instruction 
(e.g. TTTN) can detect recurrences of Such patterns and use 
them to alter its prediction accordingly. Such mechanisms 
are referred to as "local predictors, as only information 
local to each branch is used for prediction. This concept, 
devised independently by Yeh (Tse-Yu Yeh and Yale N. Patt, 
A Comparison of Dynamic Branch Predictors that use Two 
Levels of Branch History, The 20" Annual International 
Symposium on Computer Architecture, May 16, 1993, at 
257) and by Steely (U.S. Pat. No. 5,564,118), has many 
different implementations. 
0019 FIG. 3 is a block diagram of a typical local 
predictor. AS in the bimodal counter, the local predictor uses 
an array 30 of saturating 2-bit up/down counters 32, and the 
prediction on line 34 is simply the most significant bit of a 
given counter. Unlike the bimodal counter, however, each 
counter in the local predictor array is indexed not only by the 
low order branch instruction address bits online 36, but also 
by the pattern of directions on line 38 recently taken by that 
particular branch. Each branch instruction address can be 
thought of as an indeX into a first-level table, and a combi 
nation of history and address information acts as an index 
into a second-level table. The historical path pattern 39 is 
Stored in an array of shifted values that is updated after the 
branch instruction is executed; the oldest history bit is 
shifted out and discarded. With the complete index (address 
and pattern) available, the local predictor can access a 
particular counter to pick off its most Significant bit as the 
path prediction. Local predictors are Significantly more 
accurate than bimodal predictors, but require more hardware 
to implement. 

0020 Global Predictor 
0021. The behavior of different branch instructions in a 
program is not always independent, but rather can be cor 
related, as taught by Pan in U.S. Pat. No. 5,553,253. The trail 
of program execution that has previously led to a particular 
branch instruction may be “well-worn, i.e. frequently fol 
lowed, and therefore likely to be taken again. Predictors that 
track the recent history of all branch instruction outcomes to 
detect recurring paths of program execution are known as 
“global' predictors. FIG. 4 is a block diagram of a typical 
global predictor, which is similar in construction to a local 
predictor, except that instead of individual registers for each 
branch there is only one history register 40 global to all 
branches. Each counter in the array is indexed by the branch 
instruction address and by the global history register on line 
42. 
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0022 Global predictors can predict branch behaviors that 
other predictors cannot. In cases where the same variable is 
compared to different values at different Steps in program 
execution, global predictors can use the history of initial 
comparisons to help predict Subsequent comparisons. For 
example, in the following code, 

0023) if (x>-1) then y=12; 
0024 if (x>2) then Z=3; if the first branch is “not 
taken,” the second branch will always also be “not 
taken,” So there is perfect branch correlation. If the 
first branch is “taken,” there is no conclusive knowl 
edge of the path the second branch will follow, but 
after Some initialization period there is a historical 
bias that can be used for making a prediction. 

0025 Gshare Predictor 
0026. Often there are only a few paths taken to reach a 
particular branch. In this case, the branch instruction address 
and the global history register will be highly correlated and 
to that extent redundant. That is, if a System knows which 
branch it is at, it usually has good evidence of how it got 
there. McFarling proposed a predictor, called a global shared 
indeX or “gshare” predictor, that can take advantage of this 
situation (Scott McFarling, Combining Branch Predictors, 
Technical Note TN-36, Digital Equipment Corporation 
Western Research Laboratory, June 1993). As shown in 
FIG. 5, a typical gShare predictor uses the branch instruction 
address on line 50 XOR'ed with the global history register 
52 to index the array of counters 54. This hashing allows 
using more history bits and more address bits with the same 
number of counters, improving global prediction accuracy. 
0027 Parallel Predictor 
0028. The different branch predictors described have 
different advantages. Global predictors work well when 
branches are correlated with their neighbors. Otherwise, a 
bimodal or a local predictor may be better. The bimodal 
predictor adapts quickly and is Small because it retains only 
a very limited amount of information about each branch. 
Bimodal predictions are good for branches that are Strongly 
biased one way or another, which is a very commonly 
occurring pattern in typical programs. Local predictors can 
be much larger than bimodal predictors because they retain 
and use much more history of branch behavior. A large local 
predictor is generally much more accurate than a bimodal 
predictor Since it can detect more complex behavior patterns. 
However, a Small local predictor can actually be worse than 
a bimodal predictor if there are too many collisions (same 
address bits used) between branches for entries in the branch 
history table. Bimodal predictors can suffer similar conflicts, 
but Since counters are Small it is relatively easy to minimize 
collisions by Simply increasing the number of counters. The 
global predictor can detect correlated or dependent branches 
better than other predictors can, but it may need a very large 
counter array to handle all possible cases. Program Size can 
also influence predictor performance, bimodal predictors 
work better with large programs, while local predictors work 
better with Small programs. 
0029 Selection of the particular type of predictor with 
the best accuracy under the circumstances can increase 
overall prediction accuracy and therefore processor through 
put. Each type of branch predictor described in the prior art 
has distinct advantages corresponding to distinct patterns of 
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branch instruction behavior found in typical programs. Mul 
tiple predictors can be combined to match a given predictor 
to the particular pattern of program behavior to which it is 
best Suited. FIG. 6 is a block diagram of one type of multiple 
predictor proposed by McFarling (Id. at 11). This predictor 
has two independent predictorS 60, 62 operating in parallel, 
with an additional array of 2-bit Saturating up/down counters 
64 to keep track of which predictor is more accurate for the 
branches that share that counter. This Second array of 
counterS Switches between the two predictors to Select one 
for a final prediction. Unfortunately, the parallel predictor is 
plagued by redundant computation and relatively high 
required memory capacity. These problem areas are not 
limited to the parallel predictor, but rather illustrate the 
general arena in which multiple-predictor design can be 
improved. 

SUMMARY OF THE INVENTION 

0030. An object of the present invention is to provide an 
improved accuracy branch prediction mechanism to mini 
mize the time lost to erroneous predictions that necessitate 
both a purge and a reload of all affected pipelines in a 
processor. The present invention provides a Serial branch 
predictor that includes a first component predictor operating 
according to a first algorithm to predict an action, and any 
number of Subsequent component predictorS operating 
according to alternate algorithms to predict the action. The 
predictor further includes means, coupled to each predictor, 
for choosing between the Subsequent predictors to provide a 
refined prediction of the action from the serial branch 
predictor. Such an arrangement provides a better prediction 
mechanism, Since it Serially combines multiple component 
predictors with varying characteristics to overrule the pre 
diction from any prior component predictor if and only if an 
improvement in prediction accuracy is likely. Each Subse 
quent Stage therefore focuses on correction of predictions 
made by a prior Stage. In the preferred embodiment, known 
as the SerialBLG predictor, the first predictor algorithm is 
bimodal, a Second predictor algorithm is local, and a third 
predictor algorithm is global. Further, each Stage is 
improved according to various methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031 FIG. 1 is a block diagram of a bimodal predictor 
using a counter array, 
0032 FIG. 2 is a state diagram of a saturating 2-bit 
up/down counter; 
0033 FIG. 3 is a block diagram of a local predictor 
featuring branch history and branch instruction address 
counter array indexing; 
0034 FIG. 4 is a block diagram of a global predictor 
featuring global history and branch instruction address 
counter array indexing; 
0035 FIG. 5 is a block diagram of agshare global shared 
index predictor featuring XOR'ed branch history and branch 
instruction address counter array indexing; 
0036 FIG. 6 is a block diagram of a parallel predictor 
featuring parallel predictors and a predictor Selector mecha 
nism; 
0037 FIG. 7 is a block diagram of a serial branch 
predictor featuring bimodal, local, and global (BLG) branch 
predictors in accordance with the preferred embodiment of 
the present invention; 
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0.038 FIG. 8 is a graph of prediction accuracy as a 
percentage of branch executions versus predictor memory 
Size for various predictor algorithms, including the Superior 
accuracy of the preferred SerialBLG embodiment; 
0039 FIG. 9 is a block diagram of the shift-or-count 
encoding Scheme in accordance with the preferred embodi 
ment of the present invention; 
0040 FIG. 10 is a block diagram of a local predictor 
Stage using a local history cache in accordance with the 
preferred embodiment of the present invention; 
0041 FIG. 11 is a table of serial branch predictor ini 
tialization values in accordance with the preferred embodi 
ment of the present invention; 
0.042 FIG. 12 is a block diagram of a predictor using 
Stew code; 
0.043 FIG. 13 is a block diagram of interstage condi 
tional prediction in accordance with the preferred embodi 
ment of the present invention; 
0044 FIG. 14 is a block diagram of a global predictor 
Stage in accordance with the preferred embodiment of the 
present invention; 
004.5 FIG. 15 is a block diagram of relative memory 
sizes of predictor Stages for Small and large predictors in 
accordance with the preferred embodiment of the present 
invention; 
0.046 FIG. 16 is a table of predictor parameter values for 
various predictor sizes in accordance with the preferred 
embodiment of the present invention; 
0047 FIG. 17 is a block diagram of a local history cache 
with valid counter field; 
0048 FIG. 18 is a block diagram of a loop detector 
mechanism; 
0049 FIG. 19 is a block diagram of a software profile 
predictor Stage; and 
0050 FIG. 20 is a block diagram of a partial local 
counter array. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

0051) SerialBLG 
0.052 Serial branch prediction uses multiple predictor 
Stages, each of which passes its prediction on to the next 
Stage. A prediction from a given Stage will be overruled if 
and only if the next stage can refine the current prediction. 
All non-primary Stages use the prediction from the prior 
Stage as well as the available branch history and address 
information to improve prediction accuracy. This approach 
also sharply reduces the total predictor memory size because 
each Stage has no need to handle the cases already properly 
handled by a previous Stage; the prediction of the previous 
Stage is likely to be overwritten only in those cases where the 
previous stage appears Wrong. Each Stage can focus on 
misprediction correction and does not need to repeat the 
work done by a prior Stage. The preferred embodiment 
includes not only mechanisms for linking predictor Stages in 
a Serial manner, but also improvements to the predictor 
Stages themselves. 
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0053 While there are many alternate ways that different 
predictors could be linked in Series, the three-stage Serial 
Bimodal/Local/Global (SerialBLG) combination has had the 
best accuracy in experimental tests and is the preferred 
embodiment. FIG. 7 is a block diagram of the SerialBLG 
branch predictor. Basically, the bimodal first stage 70 is an 
array of 2-bit Saturating up/down counters, the local Second 
Stage 72 is a two-level predictor with local histories, and the 
global third stage 74 is a two-level predictor with global 
histories. Experimental results with the SerialBLG predictor 
show a 29-36% reduction in branch prediction errors com 
pared to the two-level predictor described by Yeh (supra). 
For a given prediction accuracy, the new SerialBLG predic 
tor is as much as 100 times Smaller. FIG. 8 is a graph of 
predictor accuracy verSuS predictor Size for a variety of 
predictors. 

0054 Cached Histories 
0055 As the size of programs run on a computer system 
increases, it becomes less practical to construct hardware 
Structures large enough to track all possible branch histories. 
Cache mechanisms can be used to relieve this problem. Any 
of the common types of caches can be used, the type of 
cache used is not critical. While the history cache structure 
is similar to that of caches conventionally used in memory 
design, the history cache introduces Several differences 
appropriate for use in prediction. A backing Store of data is 
used to replace a cache entry in a memory cache in one Step. 
The history cache has no Such backing Store of history 
information. Each line in the cache has a tag associated with 
a history entry. The tag contains Some of the address bits of 
the particular branch whose history is stored in the history 
entry. It is not necessary to use all of the address bits of the 
branch, only enough to be able to eliminate most conflicts. 
There is much less demand for cache Space because new 
cache entries are allocated only when there has been a final 
branch prediction error. In this manner, the predictor Stage 
can effectively learn from errors after each prediction cycle 
is done. Only those branch histories that are needed to 
increase prediction accuracy beyond that of a prior Stage's 
prediction are Stored in the cache; this concept is used 
extensively in the predictor Stages of this invention to cut 
required memory capacity. 

0056. After a new prediction error occurs, the predictor 
must prioritize the cache entries to be replaced. Not all errors 
will trigger a history entry replacement, Some will simply 
update the history entry So that a particular branch will 
continue to be tracked. After a cache miss, i.e. when there is 
no history entry for a particular branch, the cache tag can be 
immediately changed, but it will take Some time before all 
the history bits reflect the appropriate branch. Caches that 
utilize least recently used (LRU) replacement ordering 
should not change the LRU ordering when a cached history 
value does not yield a better prediction than that already 
available from a prior predictor Stage. This replacement 
policy tends to help retain useful history entries, i.e. those 
which correct erroneous prior predictions, as opposed to 
those that are merely frequently addressed. This avoids 
redundancy between local and bimodal predictor Stages. 

0057 Cached Counters 
0058 Caches can be similarly used to manage the infor 
mation that would normally be Stored in an impractically 
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large array of counters. Cache entries are allocated and 
replaced only when predictor errors occur, further reducing 
hardware requirements. 
0059 Local Predictor Stage Improvements 
0060 Shift-or-Count Encoding 
0061 FIG. 9 illustrates a method known as shift-or-count 
encoding for further reducing memory usage in predictor 
mechanisms. High loop counts require too much branch 
history Storage. For very long iteration loops, Such as loops 
having an iteration count of 100, the branch history pattern 
is very long (e.g. TTTTTT...N) but not otherwise different 
from that of a short iteration loop as described earlier (e.g. 
TTTN). Recognizing such patterns with a local branch 
history table is inefficient, as one bit in the history table is 
needed to describe each branch taken in a long loop. Worse, 
the counter array would need at least 2" counters, where n is 
the number of passes (99 in this case) made in a loop before 
exiting. 

0.062 Local branch information can be encoded by a new 
method that reduces the memory required by a local pre 
dictor Stage. Long loop branches can be detected with far 
fewer counters if the branch history entry is encoded with a 
count of how many times the branch has gone in the same 
direction. A mode bit 90 is reserved to Switch between the 
conventional history storage (shift register) mode and the 
new counter mode. When the mode bit is Set, the remaining 
bits in the branch history entry are just the shifted branch 
history as previously described. If the shift field 92 is either 
all Zeroes or all ones, and the addressed branch goes the 
same direction again, the mode bit 90 and the count field 94 
are Set and the branch history table moves to count mode. In 
count mode, the branch history entry operates as a Saturating 
counter, with one branch bias bit 96 showing the direction 
the branch usually goes (in this example, T), plus a count 
field 94. As the branch continues to execute in the same 
direction, the count is incremented, up to the maximum 
count Value that can be represented. Finally, when the branch 
goes in the unusual direction, the mode bit 90 is set back to 
shift mode and the shift field 92 is set to the value one would 
expect if the encoder had stayed in shift mode. The follow 
ing table illustrates the entries that toggle the shift-or-count 
encoder from one mode to the other. 

Current Branch 
History Entry Branch Outcome New Branch History Entry 

Increment counter to limit 
Increment counter to limit 

Count, direction=1 
Count, direction=0 

Shift: O... O N Count: 0, direction=0 
Shift: 1... 1 T Count: 0, direction=1 
Count, direction=1 N Shift: 11... 10 
Count, direction=0 T Shift: OO ... O1 

N 

0063 Partial Dominance 
0064. The present invention provides a new combined 
predictor that retains the advantages of both bimodal and 
local predictors but does not Suffer from their disadvantages, 
and allows the local predictor Stage to cooperate with the 
prior bimodal predictor Stage. The bimodal predictor Stage 
always provides a prediction Since it is an array, instead of 
a cache. FIG. 10 is a block diagram of a local predictor stage 
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using a local history cache. If there is a hit in the local history 
cache 100, the local predictor Stage has a prediction on line 
102 available for use, and the prediction will be usually be 
better than or “dominant' over a bimodal Stage prediction on 
line 104. This is because the local predictor Stage uses more 
information about branch behavior than does the bimodal 
predictor Stage. 
0065. The local predictor stage should not necessarily 
override the bimodal predictor Stage in every instance 
though, as its prediction is only Sometimes or "partially' 
dominant. When a cache miss occurs, the local predictor 
Stage has no additional branch behavior information and 
therefore cannot improve over the prediction of the bimodal 
predictor Stage. In that case, the bimodal prediction is 
allowed to Stand. The partial dominance Strategy uses a 
Subsequent predictor Stage to refine the prediction of a prior 
predictor Stage only on those occasions when the latter Stage 
prediction is available and more accurate than the prediction 
from a prior predictor Stage. Following the partial domi 
nance concept, the local prediction is used if there is a hit in 
the local history cache, otherwise the bimodal prediction is 
used. With the Serial BLG predictor, the bimodal stage sets 
the final prediction unless it is overridden by either the local 
predictor or the global predictor; the local Stage Sets the final 
prediction if it can improve the prediction from the bimodal 
Stage, unless the local Stage is in turn overridden by the 
global predictor. 
0066. Selective Cache Entry Replacement 
0067. The partial dominance concept does not dictate that 
all local history cache misses cause a replacement. Histories 
should be stored only in the event of problems. If the branch 
prediction value coming from the bimodal predictor is 
already correct, it is not necessary to take a history entry 
from Some other branch that may need it more. Also, there 
is no point in replacing a local history entry if the prediction 
from the final Stage predictor is already correct. These two 
provisions reduce the number of replacements and Substan 
tially reduce the number of history entries needed to produce 
a good prediction. 

0068 Dominance Assurance via Consistent Initialization 
0069. The present invention also provides another 
method for insuring local dominance over a prior bimodal 
predictor stage. When the local history entry for a branch is 
replaced, the prior history is not available. The local branch 
prediction may therefore be wrong until Several executions 
of the branch have been recorded. After a miss, the history 
entry can be initialized with a value consistent with the most 
recent result and the state of the bimodal counter for this 
branch to solve this problem. The local history is thus 
guaranteed to contain at least as much information about the 
branch as does the bimodal predictor. The best mode Seri 
alBLG predictor uses the initialization values given in FIG. 
11. Only the four cases in FIG. 11 are required, because no 
replacements are done if the bimodal prediction is correct. 
The final history bit is the same as the current branch 
direction. Use of the current branch direction and the state 
of the 2-bit counters provides the equivalent of three bits of 
information. History entries are chosen that are consistent 
with this information yet are relatively infrequent, and 
should thus cause few conflicts with other branch patterns. 
If the shift-or-count coding is used, a shift mode bit should 
be appended to the left. 
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0070 Global Predictor Stage Improvements 
0071 Global Stew Code 
0.072 Branches can be dependent on the path taken to 
reach them, as has been observed in the context of compile 
time optimization. For example: 

0073) if (x<xmin) goto ERROR; 
0.074) if (x>xmax) goto ERROR; 
0075 ERROR: ... 
0076) 

0077. The program may reach the ERROR label because 
one of the branches that sent the program to the ERROR 
label via a GOTO statement was always taken. If the 
predictor knew which branch was responsible, it could 
easily predict the branch immediately following the ERROR 
label. FIG. 12 is a block diagram of a predictor using “stew” 
code. AS with the gshare predictor, the history register is 
XOR'ed with the branch address on line 120, but the result 
on line 122 is then shifted over one bit and stored back into 
the history register 124. The current branch result on line 
126 is shifted in to occupy the lower order bit, as before. In 
equation form, 

0078 Stew=((Stewebranch address)<<1)branch 
OutCOme, 

if (X-Xmin) . . . 

0079 i.e. the new stew value is calculated by exclusive 
ORing the current stew value with the least significant bits 
of the branch address, and then shifting in the branch 
outcome. The So-called n-bit Stew register is therefore a 
hashed function of the address and direction taken of the last 
in branches. This Stew code thus incorporates path informa 
tion into the global history register, the extra information 
can Sometimes distinguish different program States that 
affect branch direction. This Scheme also tends to spread the 
program State information across the bits of the register. 
0080 Conditional Prediction 
0.081 FIG. 13 shows the dominance concept for a com 
bination of two dissimilar predictors. A prediction P online 
130, based on information X on line 132, is fed into another 
predictor 134 that also uses information Y on line 136 to 
generate a combined prediction Pon line 138. For 
example, if the predictors are constructed from arrays of 
counters, the prediction P is used as an additional address 
bit into the Second array of counters. This structure approxi 
mates the probability function: 

0082 prob{taken (Y and prob(takenX)>0.5)}>0.5 
0.083 where prob(AB) is the conditional probability 
of Agiven B. 

0084. This predictor structure provides two main advan 
tages. First, like a parallel predictor, a conditional predictor 
delivers two chances of making a good prediction. The 
Second predictor can either use the prediction of the prior 
Stage, or for a particular input it may find that the branch is 
more likely to go the other direction and that the prior Stage 
is probably wrong. Second, conditional prediction is a way 
of establishing the dominance relationship needed for partial 
dominance, namely that the Second prediction value is 
always better than the first value. This is true because the 
Second prediction is based on the first prediction, So even if 
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the Second prediction is not any better, it is not likely to be 
worse. This can be very useful once it is recognized that the 
Second predictor does not need to include any counters 
where the prediction of the Second Stage would be the same 
as that of the first Stage. Thus, if the first Stage prediction is 
90% correct, then roughly 90% of the counters in the second 
predictor can be expected to agree with the first Stage 
prediction. If the agreeing counters are eliminated, the 
number of counters in the Second predictor is reduced by 
90%. Alternately, the size of the second predictor can be kept 
the same, but the total prediction accuracy can be increased 
by increasing the number of bits of Y information that is 
provided to the Second predictor. 
0085 Global Stage Indexing 
0086 FIG. 14 shows the global stage predictor used in 
the best mode Serial BLG predictor, which makes use of the 
Stew code, conditional prediction, and partial dominance. 
The global information is stored in a stew register 140 as 
described above. The stew register value is XOR'ed with the 
address of the branch on line 141 to produce V on line 142: 
V=Stew XOR Addr. 

0087. The previous stage prediction on line 143 is 
appended to this value to implement conditional prediction: 
V*=V, pred 
0088. The value V" provides the basis for making the 
global stage prediction. V' could be used to directly access 
an array of counters, however, as Suggested above, most of 
these counters would be unnecessary. Abetter approach is to 
Simulate a large array of counters using a cache mechanism 
144. On a cache miss, it is assumed that the unavailable 
count would agree with the prior Stage prediction. Unavail 
able counters are added to the cache only if the final 
prediction value on line 145 is wrong. 
0089. On Such a replacement, the appropriate tag is set to 
correspond to the V value, and the counter 146 is initial 
ized to weakly agree with the branch causing the miss. If the 
cache in the global predictor Stage uses LRU replacement, 
the LRU order is only affected when a counter is useful, i.e. 
generates a better prediction than the earlier Stage. 
0090 Cache Tag Hashing 
0091. The method of indexing the global predictor stage 
cache is particularly Significant. For good performance, 
Set-associative caches require addresses that spread out 
fairly uniformly acroSS the cache. For example, with a 2-way 
Set-associative cache, if everything maps to the same Set, 
then no more than two things can be stored, no matter how 
large the cache is. The V* value, even using the Stew code, 
is still less uniformly distributed than is preferred. To 
improve performance, two steps can be taken. First, the high 
order bits on line 147 of V* are more random than the low 
order bits on line 148 because the high order bits on line 147 
are a function of a long Sequence of branches, whereas the 
low order bits on line 148 are a function only of the last few 
branches. It is therefore better to use the low order bits on 
line 148 for the tag value T on line 149. Second, to further 
increase the randomneSS of the remaining bits, the tag value 
T on line 149 can be XOR'ed into these remaining bits, Zon 
line 147, to obtain the set index I on line 150: 

Z, TV 
-Z XORT 
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0092. While this increases the spread of V values in the 
cache, it does not affect the correspondence between V' 
values and counterS Since there is a one-to-one correspon 
dence between I, T, and V*. This is the case since V can 
be reconstructed by the equation: 

0093 FIG. 15 shows the relative sizes of the different 
stages in the Serial BLG predictor versus predictor size. FIG. 
16 shows a table of parameters describing the best mode of 
the invention verSuS predictor size. 

0094. Other inventions not selected for inclusion in the 
preferred embodiment are described below. 

0.095 Dominance Assurance via Valid Field 
0096 FIG. 17 shows an alternate method of avoiding 
errors after a cache replacement in a local predictor Stage by 
adding a valid field 170 to the cache. This field holds a count 
value that is reset upon replacement. On Subsequent tag hits 
the count is incremented up to its maximum. Unless the 
count is at this maximum, the history entry 172 will not be 
used either to make a prediction or to update the counter 
array. Thus, all local predictions are based on a history entry 
that contains a minimum amount of information about the 
appropriate branch. Either the consistent initialization 
approach or the valid field approach or both can be used to 
maintain a high level of accuracy from the local predictor. 
Either approach alone has similar accuracy. For the Serial 
BLG predictor, the initialization-only alternative is preferred 
due to its relative simplicity. Adding the valid count does not 
further increase the prediction accuracy very much. 

0097. Loop Detector 
0098. The most common advantage of local over bimodal 
predictor stages is the ability to detect loops. FIG. 18 shows 
an alternative method of detecting loops. This technique 
uses an array 180 indexed by bits of the branch address on 
line 181. Each array entry contains two counters (Count182 
and Count 183) and a Synch bit 184. These values are 
controlled by a prediction 185 from an earlier stage predic 
tor, and by the actual branch direction 186. The counts keep 
track of the distance between the last two prediction errors 
and the distance since the last prediction error. When the 
counters are equal and there is another prediction error, this 
indicates that there is a loop, and the Synch bit 184 is set. 
Thereafter, the prior Stage prediction is reversed whenever 
the counts are equal, as long as the loop pattern repeats. 

0099 For small predictors, adding a small loop detector 
array to a bimodal/gshare parallel predictor is advantageous. 
Also, for large sizes, adding an array of loop detectors to a 
local/gshare parallel predictor enables loops with large itera 
tion counts to be detected. However, for all predictor Sizes, 
the use of a local Stage predictor using the shift-or-count 
code is more effective. 

0100 Software Profiling 
0101 Branch behavior information known as a profile 
can be gathered by pre-execution, and used to improve 
bimodal predictor Stage accuracy. The Software profile acts 
as an initial albeit coarse predictor Stage prior to the bimodal 
predictor stage, as shown in FIG. 19. Stages other than the 
bimodal Stage are not affected. A Static predictor with 
Software profiling is approximately as accurate as the 
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dynamic bimodal predictor alone, So addition of profiling to 
dynamic bimodal predictor Schemes is a further improve 
ment, particularly for commonly re-used programs. 
0102) Two basic approaches to software profiling are 
described. The first is the use of a profile bit that can be set 
by a compiler in Some instruction architectures. This bit 
indicates that a branch will usually be taken during execu 
tion. The Second approach is to alter the branch instruction 
address to effectively create a profile bit for those architec 
tures that do not Support profile bits perse. Two counters can 
be maintained for each conditional branch, one that tracks 
the number of times the branch was taken and one which 
tracks the number of times the branch was not-taken. The 
program code is then changed as follows: if the taken count 
exceeds the not-taken count, the branch address is made 
even by adding a NOP before the branch if necessary; if the 
taken count is less than or equal to the not-taken count, the 
branch address is made odd by adding a NOP before the 
branch if necessary. Each time a conditional branch is 
encountered, the low order bit Serves as an equivalent profile 
bit. The bimodal counter array is indexed using a concat 
enation of the least significant bits of the branch address with 
the profile bit to reduce destructive inter-branch interference. 
If two branches are mapped to the same direction, it is likely 
that they both will go in the same direction, and will thus 
update the counter in the same direction. Furthermore, a new 
branch will be mapped to a counter of a branch biased to the 
Same direction, So it has a better chance to be predicted 
correctly at the first time it is predicted. This Scheme is not 
limited by predictor size, features lower training time on 
Startup or phase change, and degenerates to the usual bimo 
dal predictor if the profile is wrong, missing, or changes over 
time. 

0103 Partial Local Counter Array 
0104 Perhaps ninety percent of the counters in a local 
predictor Stage are redundant with those in the bimodal 
predictor stage. Some branch histories, such as NTNTNT or 
NTTNTT, commonly cause bimodal stage mispredictions 
that require local predictor override. A method of Simulta 
neously solving these two problems is depicted in FIG. 20. 
Static management 200 handles the more common bimodal 
errors. A partial local counter array 202 adaptively predicts 
branch-Specific patterns. The local counter array is protected 
by tags 204, and is used and updated only when there is a tag 
match. Counters are replaced only in those cases when the 
Static predictor block is wrong. 
0105 While the invention has been described with ref 
erence to a specific embodiment, the description is intended 
for purposes of illustration only and should not be construed 
in a limiting Sense. Various modifications of and changes to 
the disclosed embodiment, as well as other embodiments of 
the invention, will be apparent to those of ordinary skill in 
the art, and may be made without departing from the true 
spirit of the invention. It is therefore contemplated that the 
language of the following claims will cover any Such 
modifications or embodiments which fall within the true 
Scope of the invention. 

What is claimed is: 
1. A Serial branch predictor for anticipating the direction 

of branches in the execution of instructions in a computer 
program, comprising: 
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a first branch predictor Stage operating according to a first 
algorithm to predict a branch, 

at least one Subsequent branch predictor Stage, each 
given the prediction of the preceding branch predictor 

Stage, 

operating according to a different algorithm to predict 
Said branch, and 

having means for overruling the prediction from the 
preceding branch predictor Stage if and only if pre 
diction accuracy is likely to improve over the pre 
diction from the preceding Stage, 

whereby total branch predictor accuracy is increased. 
2. A branch predictor Stage for anticipating the direction 

of branches in the execution of instructions in a computer 
program, comprising: 

a cache memory of entries to Store branch counter infor 
mation, 

means for Storing branch history information, and 
means for using the Stored branch history information to 

index the counter information Stored in the cache 
memory. 

3. A local branch predictor Stage as in claim 2 further 
comprising: 

a Static prediction mechanism, 
a local history cache including associated cache tags, 

a local counter cache including associated cache tags, 
means for affirming a prediction from any prior Stage 
when there is a miss to the local history cache, 

means for creating a prediction based on the Static pre 
diction mechanism when there is a hit to the local 
history cache and a miss in the local counter cache, and 

means for predicting based on the local counter cache 
when there is a hit to both caches. 

4. A composite branch predictor for ensuring dominance 
through approximation of a conditional probability function, 
comprising a Serial connection of two dissimilar predictor 
Stages, with the prediction from the first predictor Stage fed 
with additional information into the Second predictor Stage. 

5. A composite branch predictor as in claim 4 further 
comprising a prediction counter and wherein a prediction 
from the first predictor Stage and other information available 
to the predictor Selects Said prediction counter. 

6. A method of predicting the direction of branches in the 
execution of instructions in a computer program, comprising 
the Steps of: 

using a first algorithm to predict the direction of a branch; 

using a Second algorithm to predict the direction of Said 
branch; 

using Said predictions and overruling the prediction of the 
first algorithm if and only if prediction accuracy of the 
Second algorithm is likely to improve over the accuracy 
of the first algorithm, 

whereby total branch prediction accuracy is increased. 
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7. A method of reducing the size of hardware structures 
needed to predict the direction of branches in the execution 
of instructions in a computer program, comprising the Steps 
of: 

Storing branch history information for branch instructions 
in a cache memory, and 

encoding the information Stored in Said cache memory. 
8. A method as in claim 7 comprising, after the Step of 

Storing, the Steps of: 
observing the execution of a branch instruction and, if the 

Stored prediction for that instruction is incorrect, then 
allocating new entries in Said cache memory to provide 

Space for history entries for branch instructions Suffer 
ing prediction errors. 

9. A method as in claim 7 comprising, after the Step of 
Storing, the Step of prioritizing cache entries to retain useful 
entries over frequently accessed entries. 

10. A method as in claim 7 comprising, after the Step of 
Storing, the further Step of triggering entry replacement only 
when a particular branch prediction is incorrect and there is 
no history entry for the particular branch instruction in the 
local branch predictor Stage, thereby reducing the number of 
replacements and the number of history entries needed to 
produce accurate predictions. 

11. A method as in claim 7 comprising, after the Step of 
Storing, the further Steps of 

triggering entry replacement, and 
Setting new history entries after a replacement and when 

a bimodal branch predictor Stage precedes the local 
Stage, to initial values consistent with the counter State 
of Said bimodal branch predictor Stage and the current 
branch direction, thereby ensuring partial dominance. 

12. A method as in claim 7 comprising, after the Step of 
Storing, the Step of using history entries having a valid field 
including a history bit count Value which is reset upon 
replacement and incremented on cache memory hits up to a 
maximum count value; prediction being enabled and counter 
array updating being enabled only upon Said maximum 
count Value being attained, ensuring partial dominance. 

13. A method as in claim 7 comprising, after the Step of 
Storing, the Step of: 

shift-or-count encoding information regarding a Sequence 
of branches in two modes including: 
a first mode which shifts a Sequence of previous branch 

directions into a shift register, and 
a Second mode which 

counts how many times a branch has gone the same 
direction beyond what can be represented by Said 
shift register, and 

sets a branch bias bit showing the direction the 
branch usually goes. 

14. A method as in claim 7 comprising, after the Step of 
Storing, the Step of using two counters to 

track the distance between the last two prediction errors 
and the distance Since the last prediction error, and 

Set a Synch bit when said counterS have equal values, to 
detect a loop and a loop branch instruction exit predic 
tion error. 
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15. A method as in claim 7 comprising, after the Step of 
Storing, the Steps of: 

using a global history register containing a global Stew 
code formed by the steps of: 
exclusive-ORing the current branch address with the 

value Stored in Said history register to form a result; 
shifting the result one bit to discard the oldest history 

bit; 
concatenating the branch outcome to the result to form 

a new Stew code, and 
Storing Said new stew code back into Said global history 

register to incorporate the global history of recent 
branch results. 

16. A method as in claim 7 comprising, after the Step of 
Storing, the Step of hashing cache tags into the Set index of 
a Set-associative cache memory to increase the Spread of 
values in Said cache memory, thereby reducing collisions. 
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17. A method as in claim 7 comprising, after the Step of 
Storing, the Step of using a cache memory of history entries 
when a cache hit occurs to access an array of local counters 
from which to Select a prediction, thereby ensuring partial 
dominance and improving branch predictor accuracy. 

18. A method for anticipating the direction of branches in 
the execution of instructions in a computer program, com 
prising the Steps of 

using a compiler to produce Static profile information; 

altering branch instruction addresses based on the per 
centage of executions in which a branch was taken, to 
Set a profile bit; and 

using a bimodal branch predictor Stage to predict the 
direction of Said branch given the profile bit, 

whereby total branch predictor accuracy is increased. 


