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Abstract

Accurate instruction fetch and branch prediction is increasingly important on today’s superscalar
architectures. Fetch prediction is the process of determining the next instruction to request from the
memory subsystem. Branch prediction is the process of predicting the likely out-come of branch
instructions. A branch target buffer (BTB) is often used to provide target addresses for taken branches
and to predict the destination of indirect jumps. Using a BTB avoids the delay needed to recalculate the
destination address and reduces the misfetch penalty. However, an effective branch target buffer can be
large and can possibly increase the cycle time of a processor.

We propose that a design used in older computers, such as the PDP-8, be used in modern architectures
instead of a BTB design. The compiler would pre-compute the branch destination for most branch
instructions, allowing the branch information to be stored with the instruction. We consider computing
branch destinations at link time and as instructions are fetched into the instruction cache; both alternatives
offer similar performance with different advantages. A very small branch target buffer is still useful
to predict indirect branches, which can not be pre-computed. Our results show tRagtbeputed-

Branch architecture performs better than an architecture using only a branch target buffer, and has
significant hardware savings. This is particularly true for larger programs more representative of modern
applications.

1 Introduction

Modern superscalar processor designs are extremely sensitive to control flow changes. Changes in control
flow, be they conditional or unconditional branches, direct or indirect function calls, or returns can signifi-
cantly hinder the performance of a processor. To keep the pipeline fully utilized, past processors typically
fetched the address following the most recent address, because the target address for a program counter
relative (PC-relative) branch is typically not available until the instruction is decoded. If the decoded
instruction is a break in control flow, the previously fetched (fall-through) instruction can not be used, and



a new instruction must be fetched after the target address is calculated, introducing a pipeline bubble or
unused issue slots.

The final destination for conditional branches, indirect function calls and returns are typically not
available until a later stage of the pipeline. The processor may elect to fetch and decode instructions on
the assumption that the eventual branch target can be accurately predicted. If the processor mispredicts the
branch destination, instructions fetched from the incorrect instruction stream must be discarded, leading to
several wasted issue slots. This is called a bramispredict penalty. To eliminate this mispredict penalty
current processors useanch prediction architectures. Branch prediction is the process of predicting the
direction for conditional branches (taken or not-taken) and the destination for indirect branches and return
instructions.

Even if a conditional branch is correctly predicted as taken, the target instructions cannot be correctly
fetched from the instruction cache in the next cycle unless the processor knows the target address of the
branch. Since the target address is not calculated until the decode stage, this causes a pipeline stall called a
misfetch penalty. The misfetch penalty is caused by not knowing the taken target address for a PC-relative
branch the same cycle the predicted taken branch instruction is fetched from the cache. To eliminate the
misfetch penaltyfetch prediction is used along with branch prediction to predict which instructions to fetch
each cycle from the instruction cache. Fetch prediction architectures, such as a branch target buffer, provide
mechanisms to predict the taken target addresses for branch instructions effectively eliminating the misftech
penalty.

In practice, pipeline bubbles due to mispredicted breaks in control flow degrade a programs performance
more than the misfetch penalty. Though, as processors issue more instructions concurrently, these penalties
increase, and the instruction misfetch penalty becomes increasingly important. It is more likely that a
branch will occur as more instructions are fetched each cycle, decreasing the likelihood that the fall-through
instruction will be executed. A branch target buffer (BTB) is one mechanism for effectively eliminating
misfetch penalties by providing taken branch target addresses. When an instruction is fetched, the same
address is offered to the BTB; if there is a match in the BTB, the next instruction is fetched using the target
address specified in the BTB if the branch is predicted as taken. In this design, exemplified by the PowerPC
604 [33], the BTB identifies the instruction as a branch and only records the destination for taken branches.

1.1 TheBranch Target Address Problem and the Precomputed-Branch Solution

Architectures using BTB’s can issue a large number of instructions per cycle because of accurate branch
and fetch prediction. However, BTB’s can lead to a complex architecture and large BTB’s can be costly to
implement. In this paper, we show how to achieve the same or better performance using simpler techniques.
We show that we can maintain a low branch execution cost with considerably fewer resources than that
needed by architectures using a branch target buffer. Our proposed architecture assumes a flat address space,
and eliminates program-counter relative (PC-relative) branches. In this design, the destination address is
quickly computed by concatenating the branch’s displacement, which is pre-computed at compile time, with
the high-order bits of the current address, effectively dividing memory into a number of program segments or
branch spaces. Branches between branch spaces are computed and performed as indirect jumps. This design
assumes the program linker or compiler can partition the program into a number of segments and modify
the program’s structure to select between intra-space and inter-space branches [35]. We also describe how
existing architectures using PC-relative branches can be extended to benefit from pre-computed branches.



The Precomputed-Branch architecture provides area-efficient support for conditional, unconditional and
procedural branches, where the branch destination is explicitly specified. Other researchers have described
inexpensive mechanisms to predict the destination of procedure returns [19]. The only remaining branch
type requiring a predicted target address for the Precomputed-Branch architecture is an indirect jump, where
the destination may be specified by values computed during execution. We show that using a very small
branch target buffer, dedicated to predicting only the outcome of indirect jumps, benefits a number of
programs for the Precomputed-Branch architecture. This is especially true for object-oriented programs
containing a large number of indirect jumps.

We originally proposed the use of a Precomputed-Branch architecture in [5]. In this previous study we
focused on improving the performance of the BTB design by examining different BTB configurations and
update policies, and in addition we proposed the Precomputed-Branch architecture as an alternative to the
BTB. In that study we examined the performance of only 11 programs and the use of only static prediction to
predict indirect jumps when using the Precomputed-Branch architecture. We did not examine the compiler
support needed for the Precomputed-Branch architecture, nor did we examine dynamic mechanisms for
predicting the indirect jump created by the Precomputed-Branch architecture. We also did not examine the
hardware costs and cycle time implications of the Precomputed-Branch architecture, nor did we discuss
how to apply this technique to current PC-relative instruction set architectures.

In this paper we expanded our study to 35 programs, and we study the performance of using a small
sized branch target buffer to predict the direction for indirect jumps when using the Precomputed-Branch
architecture. In addition we expand on our previous study by examining several algorithms for compiler
partitioning of a program into branch spaces, and we measure the effect of these algorithms on a number of
architectural configurations and different branch segment sizes. Partitioning programs into branch spaces
introduces new indirect jumps to span across branch spaces. We measure the number of such branches
introduced, and other overhead introduced by the partitions. We also examine the hardware costs of the
Precomputed-Branch architecture in comparison to the BTB architecture. Lastly, we discuss how existing
superscalar architectures can be modified to use the Precomputed-Branch architecture.

In the next section, we examine previous work in branch prediction and branch target buffer design.
In §3, we describe a branch target buffer architecture, used in our experiments to compare against the
performance of the Precomputed-Branch architecture, also descrigi&dSection 4 describes the structure
of the execution-driven simulation study and the performance metrics we used. The Precomputed-Branch
architecture requires programs to be partitioned into branch space$s dedcribes algorithms to accom-
plish this and their performance. Section 6 compares the performance of the BTB and Precomputed-Branch
architectures, and some practical issues are discus§&d e conclude ir§8.

2 Background

There are two sources of pipeline stalls we want to remove, branch misfetch and mispredict penalties. A
branch target buffer can be used to reduce the misfetch penalty and can be used as a simple branch prediction
mechanism. Other branch prediction methods can reduce mispredict penalties, but not misfetch penalties.
Many architectures [33, 40, 42] combine branch target buffers and other branch prediction mechanisms to
reduce both misfetch and mispredict penalties.



2.1 Branch Target Buffers

Misfetch penalties can be reduced in a number of ways, such as using branch delay slots [24], a table
of cache indices for fetch prediction [8], or branch target buffers [21, 22, 29, 32]. A BTB can eliminate
misfetch stalls by storing the branch destination. For unconditional branches, indirect jumps or functions
calls, this destination can be immediately fetched. For conditional branches, either the fall-through or the
destination stored in the BTB is fetched. Some form of branch prediction is needed to select between the
fall-through and taken address for conditional branches.

Typically, a BTB contains from 32 to 512 entries with varying degrees of associativity. A BTB requires
considerable storage, because it stores the address of the branch asatfiethegaddress of the probable
destination. Different kinds of branches use different mechanisms to predict their branch destinations. To
be able to select among the different mechanisms for the different branches, we need to be able to identify
the branch type, and some BTB designs store the branch type in the BTB. For function calls (either direct or
indirect), the previous function address is stored in the ‘destination’ field of the BTB. This can also be done
for return instructions, but a return stack is much more accurate [19]. In this study we assume the branch
type is stored in the instruction cache or is easily identifiable in the branch’s instruction encoding, so it is
not stored in the BTB.

2.2 Branch Prediction M echanisms

The other component of most branch architectures is some mechanism to predict whether conditional
branches are taken or not-taken. Branch prediction techniques are classHiaticas dynamic. Static

branch prediction information does not change during the execution of a program, while dynamic prediction
may change, reflecting the time-varying activity of the program. Static methods range from compile-
time heuristics [3, 9, 21, 24, 32] to profile-based methods [10, 14, 24, 37, 43]. In general, profile based
prediction techniques outperform compile-time prediction techniques or techniques that use heuristics based
on the direction of the branch target (forward or backward) or instruction opcode. While static prediction
mechanisms, particularly profile-based methods, accurately predict 70-80% of branches, modern computer
architectures increasingly depend on mechanisms that estimate future control flow decisions to increase
performance, requiring more accurate branch prediction mechanisms.

A pattern history table (PHT) is a mechanism for predicting conditional branches. It does not store the
site (tag) and target addresses of branches as in the BTB; rather, the table only stores N-bit counters used to
predict the direction for conditional branches. The most common variants of this design are 1-bit counter
techniques that indicate the direction of the most recent branch mapping to a given prediction bit, and 2-bit
counter techniques that yield much better performance for programs with loops [21, 24, 32]. These designs
use the branch site address as an index into the PHT. Since different branch addresses can index into the
same table entry, several conditional branches may share the same prediction information. For example,
in a 4096 entry table, branches at addresses 0, 16384 and 32768 all map to the same entry in the table.
When a conditional branch at these addresses is executed, the information for entry ‘0’ is used to predict
the branch direction, even if that information was recorded for one of the other branches. The advantage of
the pattern history tables is that they keep track of very little information per conditional branch site and are
very effective in practice.

More recently Paret al [28] and Yeh and Patt [40, 42] have proposeédnch-correlation or two-level
branch prediction mechanisms. Although there are a number of variants, these mechanisms generally



combine the history of several recent branches to predict the outcome of an incipient branch. The simplest
example is the so-calledegenerate method of Panet al. When using a 4096 entry table, the processor
maintains a 12-bit shift register (the global history register) that records the outcome of previous branches.

If the previous 12 branches that executed were a sequence of three taken branches, six non-taken branches
and three more taken branches (TTTNNNNNNTTT), the register might store the value 111003000111

or 3591. This is used as an index into the 4096-entry table, much as the program counter is used in the
prediction history table method. This provides contextual information about particular patterns of branches.
Some methods combine the history register with other information. For example, McFarling [23] used an
exclusive-or of the program counter and the global history register to scatter the table references, improving
the PHT'’s performance.

2.3 Combining Branch Target Buffersand Branch Prediction

Originally, BTB'’s were used as a mechanism for branch prediction, effectively predicting the prior outcome
of a branch [21, 29, 32] and providing the target address. Researchers have proposed associating additional
branch prediction information with each BTB entry to improve branch prediction [41], and a variation of
this technique has been implemented in the Intel Pentium and PentiumPro architectures. The problem with
this technique is the branch prediction information can only be used on a BTB hit, or when when a branch
address is found in the BTB. We call designs that associate branch prediction information with the branch
target buffer aoupled branch architecture, since the conditional branch prediction information is associated
with the BTB and can only be used if a branch hits in the BTB. In a related paper [5], we showed that
decoupled branch architectures can provide slightly better performance than coupled branch architectures.
A decoupled architecture separates the conditional branch prediction information from the branch target
buffer, so that it can be used to correctly predict a branch even when that branch is not in the BTB. In the
remainder of this paper, we only consider decoupled branch architectures.

3 TheDesign of Two Branch Architectures

We used trace-driven simulation to compare the Precomputed-Branch architecture to a design that makes
aggressive use of branch target buffers. We simulated the decoupled branch architecture proposed in [5],
because this architecture provides better overall branch performance than the coupled models proposed
in [41] for the design space considered in this paper. In this section, we describe this architecture and follow
that with a detailed description of the Precomputed-Branch architecture.

3.1 A BTB-based Instruction Fetch Architecture

Figure 1 is a schematic representation of a conventional branch prediction and instruction fetch architecture
using a branch target buffer. A BTB is used to eliminate misfetch penalties by providing taken target
addresses, while a pattern history table (PHT) is used to predict conditional branches. In this design, the
global history register is combined with the program counter using an exclusive-or, and the result is used as
the index into the PHT [23]. In both the BTB and Precomputed-Branch architecture, we assume the branch
type is encoded in the instruction, or pre-decoded and stored in the instruction cache. A 32-entry return
address stack is used to predict the outcome of return instructions.
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As shown in Figure 1, the current instruction address is concurrently offered to the instruction cache,
providing the actual instruction, to the PHT, and to the BTB. There are three important types of branches:
direct or indirect branches, conditional branches and returns. Depending on the branch type and the branch
prediction information from the 2-level PHT, either the BTB target address, the computed fall-through
address, or the return stack address is selected as the next instruction fetch. If a PC-relative branch misses
inthe BTB, the fall-through addressisfetched. If thisbranch was predicted as taken by the decoupled PHT,
then the taken address is fetched after it is calculated in the decode stage. Therefore, on aBTB miss, if the
PHT correctly predicts the PC-relative branch as taken, only a misfetch penalty results.

In this BTB architecture, when an unconditional branch is executed and thereisa BTB miss, the BTB
entry is updated to record the computed target address. When the branch is encountered again, and there
isaBTB hit, the branch type indicates thisis an unconditional branch, and the architecture uses the target
address stored in the BTB for the next cache fetch. Conditiona branches have similar actions; however,
the prediction information from the PHT is used to predict the likely outcome of conditional branches.
Depending on the predicted outcome, the stored destination (which is always the ‘taken’ address) in the
BTB or thefall-through addressisused to fetch the next instruction. When areturninstructionisencountered
the branch type indicates that the instruction is a return and the top of the return stack is used to fetch the
next instruction. When an indirect jump is executed, if thereisaBTB hit, the address stored inthe BTB is
used for the next cycle's instruction fetch.

3.2 ThePrecomputed-Branch Architecture

TheBTB servestworoles. Only taken branchesare entered intheBTB, soaBTB hitindicatestheinstruction
isabranch, and the BTB provides the target address. As mentioned, we assume that the instruction cache
or the instruction code can identify the branch type. This can either be made explicit in the instruction
encoding, or the instruction can be partially decoded when it is brought into the instruction cache; asimilar
mechanism has been used in several architectures, such as the MIPS R10000 [26]. The only remaining
function provided by the BTB is the pre-computed destination address for taken branches. The BTB
is needed because the destination address specified by a branch instruction can not be fetched from the
instruction cache and computed all in a single cycle when using PC-relative destinations.

Figure 2 shows our proposed instruction fetch architecture. A program is broken into multiple branch
gpaces. Branches within a single branch space can use anormal branch instruction, while branches between
branch spaces must be computed as an indirect jump. The pre-computed displacement indicates the branch
target displacement within the current branch space. The lower-order bits of the branch destination are
simply concatenated with the higher-order bits of the current address, and no addition is needed. Issues
surrounding branch spaces, and the complications that arise, are discussed |ater.

The concatenating of the pre-computed branch eliminates misfetch penalties for conditional branches,
unconditional branches and direct procedure calls. This leaves indirect branches as the only branch type
without a pre-computed branch address. Thus, we use asmall BTB to predict indirect branches; otherwise
they will always be mispredicted. Since this branch target buffer is only used for indirect jumps, we call
thisan indirect jump buffer (1JB) to clarify the distinction from the BTB architecture. Alternatively, we can
use profile-based prediction of indirect function calls, which has been shown to be effective and important
for the C++ programming language [ 7], where such branches occur frequently.
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3.3 Computing the Branch Target

Traditional branch architectures use a PC-relative displacement; Figure 3(a), modeled after the diagrams
in [20], schematically illustrates the process. In the encodings, information in lightly outlined boxes is
provided or computed at execution time; for example, in Figure 3(a), the PC is available during execution.
Heavily-outlined boxes show the information provided by the branch instruction—theinstruction providesn

bits for the branch displacement. On the right-hand side, the solid boxes show the range of instructionsthat
can be addressed. For Figure 3(a), a displacement stored in the branch instruction is sign-extended to the
size of the program counter and added to the program counter. Each branch can directly addressinstructions
at address PC' —2~1—1... PC +2"1. For simplicity, we assume the program counter is always aligned
on instruction boundaries, since we are chiefly concerned with architectures with fixed-width instructions.

Katevenis [20] proposed severa branch encodings where the branch displacement field contains the
least significant bits of the branch target address. Figure 3(b), shows one such encoding. Here, the sign bit
for the offset and the carry for the addition of the lower bits are computed by the compiler (or linker) and
encoded in theinstruction. Thelower bitscan beimmediately used to index the cache. Concurrent with the
cache fetch, the higher order bits are computed and matched against the address tags when the cache fetch
returns. If the tags are mismatched with the actual PC, an instruction-cache miss occurs and the pipelineis
stalled. During the stall, the program counter is corrected. Since the instruction must include both the carry
and the sign bit, an n-bit displacement can only address PC' — 272 — 1...PC 4 2" 72,

Figure 3(c) diagrams our proposed pre-computed branch encoding. We use an explicit displacement
instead of a PC-relative displacement because we need to calculate target addresses in timeto use them for
the next instruction fetch and an adder is usually too complex for this purpose. The n-bit displacement
is used as the lower order part of the destination address, and is concatenated with the higher order bits
of the current PC to form the new fetch address. Each branch can then jump within a branch space of 2
instructions. This breaks a program up into branch spaces or segments of size 2" instructions. Every direct
branch within a2 branch space can only branch within that space. To branch outsidethat span, an indirect
jump must be used.

3.4 Other Non-Relative Branch Architectures

Using non-relative branches is not new idea, although we are unaware of studieswith our emphasis on the
branch layout algorithms, branch prediction architectures, and our analysis of modern programs.

The memory for the PDP-8 was divided into eight “memory fields,” each field was divided into 32 pages
of 64 locations (words). A JMP or JVS instruction could jump within a single memory page (e.g., to one
of 64 words), or could specify an indirect reference to a word containing a 12-bit destination. Branches
within the same page were pre-computed, and all other branches required an indirect reference. In the
Crisp processor [12], a branch destination isincluded in every decoded instruction in the instruction cache,
resulting in very large instructions— 192 bits. This technique consumes a considerable amount of space and
may limit the processor cycle time. A mechanism similar to that used in the PDP-8 was used in Control
Data and IBM processors, where instructions were optimized to execute within an instruction buffer — Lee
and Smith [21] provide a good survey.

By comparison, werely on the program linker to compensatefor thelimited branching by pre-computing
branch destinations and reducing the number of complex operations (indirect branches). After a fashion,



we are applying the “RISC design philosophy” to branch architectures - we let the software (compiler and
linker) share the burden of making the hardware efficient and inexpensive.

4 Experimental Methodology

Wewill poseseveral questionsconcerning branch architecturesand answer those questionsusing information
from trace-based simulation. Weinstrumented the programsfrom the SPEC92 benchmark suite, the Perfect-
Club [4], and object-oriented programs written in C++. We used ATOM [34] to instrument the programs;
due to the structure of ATOM, we did not need to record traces and could trace the complete execution of
all the programs. The programs were compiled on a DEC 3000-400 using either the DEC FORTRAN, C,
or C++ compiler. All programs were compiled with standard optimization (- O). We constructed severa
simulators to analyze the programs. The simulator was run once to collect information on call and branch
targets, and a second time if we needed to use profile information from the prior run. For the SPEC92
programs, we used the largest input distributed with the SPEC92 suite.

Thealternate programsinclude: cf r ont , version 3.0.1 of the AT& T C++ language preprocessor written
inC++, gr of f , aversionof thedi t r of f text formatter writtenin C++,i dl , aC++ parser for the CORBA
interface description language, db++, aversion of the‘ deltablue’ constraint solution systemwrittenin C++,
l'i c, alinear inequality calculator, and por ky, a system performing many compiler optimizations. We
selected these programs because we found that the SPECint92 suite did not typify the behavior seen in C++
programs[11], and our original goal was to understand the impact of branch architectures on C++ programs.
For these alternate programs, we used sizable inputs that exercised alarge part of the program.

Table 1 shows the basic statistics for the programs we instrumented. The table is divided into two
sections; the first half shows dynamic information (the information gathered during a particular execution
of the program), and the second part showsthe static information. The static information isa property of the
program binary, and isthe same for all executions. The first three columns show the number of instructions
traced, the percentage of breaks (e.g., conditional branches, return instructions and so on) encountered
during execution and the percentage of conditional branches that are taken. The next five columns break
down the number of breaksin control flow encountered duringtracing intofive classes: conditional branches
(CBr), indirect jumps(1J), unconditional branches (Br), procedure calls (Call) and procedure returns (Ret).
The static information includes the total number of instructions and procedures found in each program.

Indirect jumps are used both to implement indirect function calls and some swi t ch statements. Note
that the C++ programs execute fewer conditional branches than C programs. In part, thisis caused by the
increased number of procedure cals, indirect jumps, and returns in the C++ programs. Also note that the
C++ programs include many more procedures than the C and FORTRAN programs.

4.1 Performance Metrics

Our goal is to understand the performance improvement of various branch architectures; this requires a
metric to compare one architecture to another. There are two forms of pipeline penaties: misfetch and
misprediction penalties. Each branch type can be misfetched, but only conditional branches, indirect
function calls and returns can be mispredicted. The penalty for misfetching is less than the penalty for
misprediction. We may be willing to misfetch more branches if it means we can reduce the number of
mispredicted branches. We record the percentage of misfetched branches (%oMfB) and the percentage of
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Dynamic Static
# Insn's Traced % % Taken Percentage of Breaks During Tracing
Program (Millions) Breaks | Cond. Br || %CBr | %Br | %IJ | %Call | %Ret || #Insn's | #Procs
APS 1,490 4.70 5064 || 8490 | 571 | 012 | 463 | 4.63 | 128,694 797
CsS 379 9.43 5563 || 7758 | 9.86 | 2.09 524 | 524 | 141,751 818
LGS 956 9.46 66.84 | 7678 | 295| 000 | 10.14 | 10.24 | 90,385 726
LWS 14,183 9.89 66.34 || 80.08| 584 | 000| 7.03| 7.03| 88,661 714
NAS 3,604 5.39 60.66 | 63.63 | 1270 | 1.70 | 10.99 | 10.99 || 103,401 740
0oCs 5,187 3.06 8857 || 9884 | 026 | 0.02 0.44 | 044 || 90,122 717
SDS 1,109 6.83 5305 | 99.15| 007 | 003 | 038| 038 | 94,615 768
TFS 1,694 3.44 7742 || 9228 | 263 | 0.23 243 | 243 | 94,383 715
TIS 1,722 5.27 51.08 || 100.00 | 000 | 000 | 0.00| 0.00 | 74,681 681
WSS 5,422 5.48 62.36 || 86.79 | 575 | 3.28 209 | 2.09 || 106,227 757
doduc 1,150 8.53 4868 || 8131 | 497 | 0.01 6.86 | 6.86 || 94,402 708
fpppp 4,333 2.82 4774 || 8666 | 801 | 0.00| 266 | 266 | 83999 685
hydro2d 5,683 6.28 7334 || 9584 | 1.38 | 0.00 139 | 139 | 85808 716
mdljsp2 3,344 | 10.60 8362 | 9543 | 400| 000 | 029 | 029 | 84,286 733
nasa’ 6,128 3.08 79.29 || 8134 | 634 | 041 595 | 595 | 83,867 706
ora 6,036 7.52 5324 || 69.85| 1065 | 000 | 975 | 9.75| 70,604 668
spice 16,148 | 1257 7163 || 9156 | 373 | 016 | 228 | 228 | 138312 815
su2cor 4,777 4.36 7307 | 7642 | 9.02| 071 6.92 | 6.92 | 93,668 711
swm?256 11,037 1.65 98.42 || 99.63 | 0.15| 0.07 0.08 | 0.08 | 73412 677
tomcatv 900 3.36 99.28 || 99.86 | 0.05| 0.02 0.03 | 0.03| 65625 617
waveb 3,555 571 6179 || 7668 | 592 | 074 | 833 | 833 | 106,978 762
avinn 5,241 9.09 97.77 || 9830 | 040 | 0.02 064 | 064 || 17,811 212
compress 93| 1391 68.25 8851 | 759 | 0.00 195 | 1.95 13,144 149
ear 17,006 8.10 90.13 || 61.37 | 371 | 005 | 1742 | 1746 | 25,079 290
egntott 1811 | 11.54 6303 | 9347 | 19 | 170 | 070 | 224 | 19,172 212
espresso 513 | 17.11 6190 || 9325 | 188 | 0.20 229 | 239 | 60,674 551
gcc 144 | 15.97 59.42 || 7885 | 575 | 286 6.04 | 6.49 || 186,066 | 1,651
li 1,355 | 17.67 4730 || 6394 | 7.74| 224 | 1292 | 13.16 || 33,235 551
sc 1450 | 20.93 6434 || 8596 | 262 | 098 | 518 | 526 | 59,291 512
cfront 17 | 13.37 53.14 || 76.02 | 562 | 259 | 7.89 | 7.89 | 225064 981
do++ 86| 17.56 56.86 || 54.43 | 203 | 1504 | 6.77 | 21.73 | 20,784 329
groff 57 | 1751 49.20 | 66.22 | 10.22 | 3.17 9.09 | 11.30 || 121,191 | 1,756
idl 21 19.61 46.70 50.00 | 7.55 | 12.31 9.07 | 21.07 79,381 1,459
lic 6| 16.79 5226 || 6576 | 878 | 022 | 1258 | 12.66 || 384,058 | 5,333
porky 164 | 19.76 60.48 || 55.34 | 2.82 | 314 | 17.92 | 20.78 || 216,678 | 3,704

Table 1: Measured Attributes of the Traced Programs. Dynamic information is recorded from a particular

execution of the application, while static information is a property of the program binary.
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mispredicted branches (%M pB), but it is often difficult to understand how these metrics influence processor
performance. Yeh & Patt [41] defined the branch execution penalty to be:

%MTB x misfetch penalty + %MpB x misprediction penalty
100 ’

which reflects the average penalty suffered by a branch due to misfetch and misprediction. A BEP of 0.5
means that, on average, each branch takes an extra half cycle to execute; values close to zero are desirable.
We use this metric to provide a more intuitive understanding of how the two penaltiesinteract. However,
using the BEP binds us to a specific misfetch and misprediction penalty, so we also report the %MfB,
%MpB aong with the BEP. For the results in this paper, we use a one cycle misfetch penalty and a four
cycle mispredict penalty.

In the Precomputed-Branch architecture, some branches are changed to indirect branches. We assume
thisis done by loading the value from memory and performing an indirect jump. A single-cycle penalty for
loading the branch destination is included in the BEP for the Precomputed-Branch architecture. Thus, we
extend the BEP model to be:

%MfB x misfetch penalty + %MpB x misprediction penalty + %l1B x extraindirect branch penalty

100 ’
where %I I B is the percent increase in indirect branches. Thisis the percentage of PC-relative branches
converted to indirect jJumps, expressed as an average cost over al branches executed for the Precomputed-
Branch architecture. The %lIB is determined when the program is partitioned into branch spaces, as
described in the next section. For the BTB architecture results, we assumed a 21-bit branch displacement,
S0 %I 1B is aways zero.

BEP =

BEP =

5 Partitioning Programs|Into Branch Spaces

In this section, we show the overhead introduced by the Precomputed-Branch architecture when the instruc-
tion set only permits small displacements. We use static methods to partition the program into multiple
branch spaces, and then compare the benefits of partitioning using information from prior execution. In
practice, most architectures provide branch instructions intended to be used within a single procedure and
different branch instructions used to transfer control to other procedures. Often, the displacementsin these
instructions are different sizes; for example, the MIPS architecture uses 26-bit displacements for proce-
dure calls, and 16-bit displacements for conditional branches. By comparison, the DEC Alpha uses 21-bit
displacementsfor all branches.

When using PC-relative addresses, procedures can be placed anywhere in virtual memory. By com-
parison, the Precomputed-Branch architecture places more restrictions on procedure placement. In a
Precomputed-Branch architecture, a branch located at address X is located in a particular Z-bit branch
space specified by S(X,7) = LZ%J . Branches can only reach destinationsin the same branch space; thus,
to branch from X to Y, we must insure that S(.X, 7) = S(Y, Z) in order to use a pre-computed branch.
If S(X,7) # S(Y,Z) then an indirect jump must be used to branch between spaces. Branches within
a procedure and between procedures must be able to reach their destinations. To accomplish this, we
reorganize the program trying to insure that all branches and their destination are in the same branch space.
If this restriction can not be enforced, the branch is converted into an indirect jump that can span across
branch spaces.

12



In this paper, we partition programs into branch spaces of three different sizes: 14, 16 and 21-bit branch
spaces. We chose the 16 and 21-bit branch spaces because they reflect the branch displacement in existing
microprocessors, and it is easy to argue that branch spaces of this size are easy to implement. However, all
of our sample programs fit within a single 21-bit branch space, and most of the programs fit in two 16-bit
branch spaces. Therefore, we also partitioned programs into a 14-bit branch space to give some insight of
the overheads that might be encountered by larger programs. We further stipulated that procedures are not
spilt across branch spaces; only procedure calls will span branch spaces. Therefore, al intra-procedural
branches will be compiled as pre-computed branches.

There are myriad ways to partition programs, and a number of alternatives have been examined in the
effort to reduce page faults[1, 2, 15, 13], and instruction cache conflicts[16, 25, 30]. The goalsof our study
are different than these other studies; we are more interested in reducing the number of indirect jumpsthan
reducing cache conflicts and paging. None the less, the best performing agorithm we examined (MaxCut)
for code partitioning is very similar to the greedy layout algorithm of Pettis and Hansen [30]. Therefore,
partitioning the program into branch spaces using the MaxCut algorithm would result in a layout that also
reduces cache conflicts and paging.

We used two metrics to compare the program partitioning heuristics. The first isthe additional amount
of space needed by the program due to wasted space at the end of virtual memory pages. The second
metric isthe percent of dynamic branchesthat cross branch spaces. We considered a number of partitioning
algorithms. Some methods use profiles, or information about previous executions of the program. Many
optimizations require such information, either from previous executions of the program or from estimates
using static analysis[36, 39]. We examined depth-first, breadth-first, pre-order, post-order, greedy and max-
cut partitioning algorithms. Most of the methods had similar performance, and we present the performance
of three of these algorithms.

The partitioning algorithms are illustrated in Figure 4. In this example, we assume that each branch
gpace can hold three procedures. Branch spaces are indicated by the darkened regions. The costs shownin
Figure 4 reflect the number of branches that cross branch spaces for a particular execution of the program.
There are atotal of 39 procedure calls in the example, and each partitioning algorithm attempts to reduce
the number of procedure calls that span branch spaces. In addition, the profile-driven partitioning heuristics
use the procedure call weights while partitioning the procedures.

The Separate method, shown in Figure 4(a), partitions each procedure into a different branch space, and
illustrates the worst-case performance one could encounter. In the Preorder partitioning, nodes are added
to amapping list in a pre-order traversal without using profile information. That list isthen partitioned into
branch spaces. A similar technique is used in the Depth-First Profile method; a depth-first search orders
the nodes, aways visiting the out-going edge with the highest call frequency. This Depth-First Profile
algorithmisvery similar to the procedure layout algorithm proposed by Hwu and Chang [25]. The MaxCut
partitioning uses a greedy max-cut algorithm to partition the graph using the call frequency to guide the
partitioning. This algorithm is very similar to the greedy approach for procedure mapping proposed by
Pettis and Hansen [30].

TheMaxCut partitioning algorithm processesthe edgesinthecall graph, starting with themost frequently
executed call edge and ending with theleast executed edge. For thisalgorithm we group procedurestogether
into branch-spaces until each branch-space is full. Therefore, in the fina partition each branch-space
contains a group of procedures, where each procedure will use pre-computed branches to call all the other
procedures in that branch-space and indirect jumps to call procedures not in that branch-space. Once a
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() Separate - Each procedure forms a branch (b) Preorder - The traversal order is {A, B, C,
gpace, and no profile information is used. The E, D, F, G}, and no profile information is used.
execution cost is 39, using the weights shown The execution cost is 25, using the weights shown
below. below.

(c) Depth-First Profile - Thetraversal order is{A,

B, D, C, E, F, G}. Theexecution cost is21, using

the weights shown.
(d) MaxCut - The order branch-spaces were
formed was {A, B, F, D, E, G, C}. The execution
cost is 16, using the weights shown.

Figure4: Partitioning A Simple Call Graph. In thisexample we assumethat at most three procedures can fit
into one branch space. Inthese graphsthe nodes|abeled with |etters are procedures, the edges are procedure
calls, the numbersindicate the number of procedure calls, and the shaded areas represent the branch spaces
the procedures are partitioned into for each algorithm. The cost shown for each partitioning is the number
of procedure calls converted to indirect jumps because they span across different branch spaces.
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branch-space isfull we do not add any more procedures to that branch-space when performing the partition.
A branch-space is considered full when the total number of instructions of all of the procedures in the
branch-space is equal to the target range of the branch architecture’s explicit displacement. For example,
for abranch architecture that has 16-bit explicit displacement, a branch-space can at max hold 21° or 65,536
instructions, and is considered full when it reaches that limit. When an edge is processed for the MaxCut
algorithm, it connects two procedures and these two procedures could be in one of the following three
states: (1) both procedures are unprocessed, so neither of the procedures has been added to a branch-space
partition, (2) one procedure is already in a branch-space and the other has not yet been processed, or (3)
both procedures are aready processed and in a branch-space. For the first case, both of the procedures
connected by the edge are grouped together into a new branch-space. For the second case, the unprocessed
procedure is added to the branch-space of the aready processed procedure, only if adding the procedure
keeps the size of the branch-space less than the branch architecture’s target range. For the third and fina
case, if the two procedures for the edge being processed are in the same branch-space then nothing needsto
be done. If they are in different branch-spaces then the two branch spaces are merged together if their total
size fits within the branch architecture’s target range. After all the edges have been processed, we are left
with several digoint branch-spaces, many of which are smaller than the architectures target range. These
final branch-spaces are merged together aslong as the merge does not create a new branch-space larger than
the target range. After thisis completed, the branch-spaces are then layed out from the most frequently
executed to the least frequently executed, leaving fluff at the end of the branch-space if the branch-space
was not completely full.

The example call graph and call frequenciesin Figure 4 show that the Preorder partitioning algorithm,
which does not use a profile, has5 procedure call edges that span across branch spaces and these account for
25 executed procedure calls uses the example's call frequencies. In comparison, the profile based MaxCut
algorithm has 4 procedure call edges that span across different branch spaces with an execution frequency
cost of 16 procedure calls. This example shows that the MaxCut algorithm can substantially decrease the
branches that span across the branch space over the Preorder partitioning algorithm.

5.1 Performance of Program Partitioning Heuristics

Table 2 summarizes the performance of the partitioning heuristicsfor a 14-bit and 16-bit branch space.
The Tableis broken into four major columns, showing the performance of each method. For each method,
thefirst sub-column (Seg) showsthe number of branch spacesintroduced by the partitioning, and the number
of additional program pages needed by the partitioned program over the original program. We assumed an
8KByte page size. The next sub-column (%I1B) shows the increase in indirect function calls introduced
by this partitioning. This term is used when computing the Branch Execution Penalty. Average results are
shown for the two branch spaces for the benchmarks broken down into 5 categories: the 10 Perfect-Club
benchmarks, the 11 SPECfp92 benchmarks, the 8 SPECint92 benchmarks, the 6 C++ programs, and the
overall average of all 35 programs. For example, Table 2 shows the Overall Average for al the programs
partitioned using the Preorder method with a 14-bit branch space; 7 branch spaces are used, 1 additional
8K Byte memory pageisneeded, and 2.29% of the branches are converted toindirect jumps. The%IIB value
isaveraged over all branches to simplify the calculation of the BEP, and providesinsight to the overhead of

1The detailed results for partitioning each program into 14-bit and 16-bit branch spacesare included in the appendix.
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Separate Preorder Prof Depth Max Cut
Branch Space Programs Seg | %IIB || Seg | %lIB|| Seg| %lIB| Seg| %lIB

14-Bit Branches | Perfect-Club | 743 | 4.34| 7/1| 286\ 7/1| 054 7/0| 047
SPECfp92 709| 39| 6/1| 100| 6/2| 098| 6/0| 0.38
SPECint92 516 | 567 | 4/1| 059 | 4/0| 049 | 4/0| 037
C++ 2260 | 10.46 || 12/4 | 597 || 11Y/2 | 385 | 11/0 | 3.35
Overal Avg 940 | 557 | 71| 229\ 7/1| 123 | 7/0| 091

16-Bit Branches | Perfect-Club | 743 | 4.34| 20| 049\ 20| 036 20| 0.00
SPECfp92 709 39| 20| 016| 2/0| 034 | 20| 0.00
SPECint92 516 | 567| /0| 013| 10| 011 20| 011
C++ 2260 | 1046 || 3/0| 234 3/0| 188 | 3/0| 1.66
Overal Avg 940 | 557 | 20| 062 2/0| 056 | 2/0| 031

Table 2. Summary of Performance for Branch Partitioning Heuristics. The segment column shows the
number of branch spaces (segments) and the extra virtual memory pages needed by that partitioning. The
%I 1B column shows the number of branches converted to indirect branches required by that partitioning,
averaged over all branches in the program.

partitioning on total branch execution. The same program execution was used to partition and then assess
the profile-directed partitioning methods; the performance of other executions may differ.

Table 2 shows that the algorithm used to partition the programs into a 14-bit branch space has a
reasonable impact on program size and the number of indirect jumps. This effect is largest for the C++
program average, where the Preorder partition resultsin an increase in memory usage of four 8K pages, and
6% of the branches are converted to indirect jJumps. When adding profile information, the MaxCut partition
reguires no additional memory usage for the C++ programs, and the percent of branches that are converted
to indirect jJumps is reduced by almost a half down to 3.3%. When using a 16-bit branch space there
was little effect on program size or the number of indirect jumps for the benchmarks examined. For this
branch space, the C++ program average again showed the biggest improvement, with the percent increase
in indirect branches (%l1B) reduced from 2.3%, when using the Preorder algorithm, down to 1.7%, when
using the MaxCut algorithm. Asmentioned, all of the programswe examined fit into a single 21-bit branch
space when using the Precomputed-Branch architecture, so there is no difference between the different
partitioning algorithmsfor a 21-bit branch space.

When comparing branch target buffer architectures to the Precomputed-Branch architecture, we will
only consider the Preorder and MaxCut partitioning, and show the results for 14, 16 and 21-bit explicit
branch displacements. The Preorder partitioning provides the lowest branch cost for those methods we
examined that did not used profile information, while the MaxCut method provided the best profile-driven
partition.

6 Branch Architecture Performance Comparison

I nthissectionwecomparethe performance of thebranch target buffer (BTB) architectureto the Precomputed-
Branch architecture. We use the branch execution penalty to compare performance, but also report the
misfetch and misprediction penalty.
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Both architectures used a 4096-entry decoupled 2-level pattern history table, using the extension pro-
posed by McFarling [23], where the program counter is XOR-ed with the global history register to form an
index intothe PHT. In the BTB architecture, we simulated branch target bufferswith 4, 16, 32, 64, 128, 256,
512 and an infinite number of entries. In each case, the BTB was organized as a 4-way associative BTB.
The Precomputed-Branch architecture stores the pre-computed branch destination as part of the instruction
for all branches except indirect jumps, with no additional overhead inthe instruction cache. We used asmall
4-way associative indirect jump buffer (1JB) with the Precomputed-Branch architecture, containing either
0, 4, 16 or 32 entries, to predict the destination of indirect branches. We also simulated a direct-mapped 1JB
for the same configurations.

6.1 ComparingtheBTB and Precomputed-Branch Architectures

Figure 5 summarizes the branch execution penalty for the different partitioning methods, branch space
sizes and architectures. The Preorder-14 column uses the Preorder partitioning heuristic with 14-bit branch
gpaces. The MaxCut-14, Preorder-16 and MaxCut-16 uses the corresponding partitioning and branch sizes.
The Optimal-21 partitioning uses a 21-bit branch space. With this branch space size, each program in
our benchmark suite occupied a single branch space, and there is no difference between the Preorder and
MaxCut partitioning. The Precomputed-Branch architecture has no misfetch penalty because the destination
for all direct branchesisimmediately known. The BTB-Misfetch=1 column shows the performance for the
decoupled BTB architecture with a single cycle misfetch penalty. A larger misfetch penalty would increase
the BEP for the BTB-based architecture, but not the Precomputed-Branch architecture.

Table 3 provides more detail s about the terms used to compute the BEP. We show the average percent of
mi sfetch and mispredicted branches. For the Precomputed-Branch architecture, we a so show %l 1B, the cost
of converting procedure calls that span branch spaces into indirect branches. A misfetched branch occurs
because the processor does not know the destination address for a taken branch. The BTB architecture
mi sfetches because the computed destinationis not found in the BTB, while the Precomputed-Branch never
mi sfetches because the pre-computed destination is stored in the instruction. A mispredicted branch occurs
either because the outcome of a conditional branch is mispredicted, or the destination of a procedure return
or indirect branch is mispredicted.

6.2 Performance Analysis

Figure 5 showsthat the Precomputed-Branch architecture with no additional prediction for indirect branches
is comparable in performance to the BTB architecture with 16 to 64 entries. The Precomputed-Branch
configurations with 14-bit and 16-bit branch spaces fairs worse than the 21-bit design, because a larger
number of branches must span branch spaces (increasing %l1B) and because those branches are converted
to indirect branches which may be mispredicted (increasing %MpB). Partitioning using profiles, asin the
MaxCut partitioning, reduces the penalty for small branch spaces. It should be noted that the BTB results
shown in this paper use a 21-bit displacement for the branch instructions. If the programs were studied
for the BTB architecture with a smaller displacement, then possibly some PC-relative branches would
need to be converted to indirect jumps just as in the Precomputed-Branch architecture design. Therefore,
for a fair comparison, the BTB results should be compared directly to the 21-bit explicit displacement
Precomputed-Branch architecture results (Optimal-21).
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| Architecture | BTB Size | %MfB | %MpB | %IIB | BEP |

BTB 4| 22.88 4.85 0.0 042

BTB 16| 12.64 4.66 0.0| 031

BTB 32 8.62 4.43 0.0| 0.26

BTB 64 457 4.37 0.0 0.22

BTB 128 2.57 431 0.0| 0.20

BTB 256 1.08 4.27 0.0 0.18

BTB 512 0.44 4.25 0.0| 0.17

BTB Infinite 0.02 4.23 0.0| 0.17
Preorder-14 0 0.0 775 229 | 031
Preorder-14 4 0.0 569 229 0.23
Preorder-14 16 0.0 478 | 229 0.19
Preorder-14 32 0.0 460 | 229 0.18
MaxCut-14 0 0.0 6.37| 091 0.24
MaxCut-14 4 0.0 537 | 091 0.21
MaxCut-14 16 0.0 458 | 091 0.18
MaxCut-14 32 0.0 446 | 091 0.18
Preorder-16 0 0.0 6.07| 0.62| 0.26
Preorder-16 4 0.0 513| 062 | 022
Preorder-16 16 0.0 453 | 0.62| 0.18
Preorder-16 32 0.0 446 | 0.62| 0.18
MaxCut-16 0 0.0 577 031 0.23
MaxCut-16 4 0.0 497 | 031 0.20
MaxCut-16 16 0.0 442 | 0.31] 0.18
MaxCut-16 32 0.0 435 | 031 | 0.17
Optimal-21 0 0.0 5.45 0.0 | 0.22
Optimal-21 4 0.0 4.69 0.0 | 0.19
Optimal-21 16 0.0 4.29 0.0| 0.17
Optimal-21 32 0.0 4.26 0.0| 0.17

Table 3: Summary of Performance Information From Trace Driven Simulations. The branch execution
penalty is computed with a 4-cycle branch misprediction penalty, a 1-cycle misfetch penalty and a 1-cycle
penalty for extraindirect branches. The values shown are arithmetic means over all programs.
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Figure 5: Branch Execution Penalty. The Branch Execution Penalty is computed with a 4-cycle branch
misprediction penalty, a 1-cycle misfetch penalty and a 1-cycle penalty for converted indirect branches.
Results are shown for a 14-bit, 16-bit, and 21-bit branch space.

Adding avery small indirect jump buffer for indirect branches to the Precomputed-Branch architecture
provides as much benefit as profile-based partitioning, and reduces the BEP for each design. With a small
16 or 32 entry 1JB, the Precomputed-Branch design has the same BEP as a processor using an infinitely
large BTB. Most of the performance gain is evident even when a small number of 1JB entries are used. In
the Precomputed-Branch design, the 1JB is only used to predict indirect jumps, while the design using a
BTB must use the BTB to avoid misfetching for all PC-relative branches and to predict the destination for
indirect jJumps.

6.2.1 Impact on Chip Area

To evaluate the area implementation costs for these architectures we used the register bit equivalent (RBE)
cost model for on-chip memories proposed by Mulder et al. [27], where one RBE equals the area cost of a
single bit storage cell. Figure 6 graphs the performance for the Precomputed-Branch architecture and the
BTB design showing the branch execution penalty on the Y-axis and the register bit equivalent chip area
costs on the X-axis (the lower the RBE cost the better). Results are shown for a 4, 16, 32, 64, 128, 256,
and 512 entry BTB for a processor which has a 32-bit and 64-bit address space. The Precomputed-Branch
results are shown for an architecture with instructionsthat have a 21-bit explicit displacement, with no 1JB,

19



0.45

* T4 BTB
é‘ 04 | ! — — BTB 64-bit Address Space
© : \ = = =~ BTB 32-bit Address Space
QC) 1 | Precomputed Branch, |JB
Qo35 | | |
c 1
=) |
= ¢ N16BTB
o 03] X
Q '\
> \
Ll 0 08 ¢ W32 BTB
S VN
c NoUB &  Ye4BTB
g 0.2 ‘.\ \.1283’8
4B T~
- ___ T —wP2BB s
16 1JB - —
0.15
0 10000 20000 30000 40000

RBE Chip Area Cost

Figure 6: Branch Execution Penalty and Register Bit Equivaent Chip Area Costs. Resultsfor a4, 16, 32,
64, 128, 256, and 512 entry BTB are shown for an architecture with a 32-bit and 64-bit address space. This
is compared to the Precomputed-Branch performance for a 21-bit explicit displacement with no 1JB, and a
4 and 16 entry 1JB.

and a4 and 16 entry 1JB. For example, in Figure 6 the 16 entry 1JB Precomputed-Branch architecture has a
register bit equivalent cost of 1,900 rbe, with a branch execution penalty of 0.17.

Figure 6 shows an important design difference between the Precomputed-Branch architecture and the
BTB —chip area cost. The BTB's chip area cost is dependent on the size of the processor’s address space.
As future processors change from a 32-bit address space to a 64-bit address space, the chip area cost for a
BTB will significantly increase. In comparison, the increased chip area cost for the Precomputed-Branch
architecture is small and comes from the very small 1JB needed to predict indirect jumps.

The RBE cost for adirect mapped 512 entry BTB is 19,000 rbefor a 32-bit address space. In comparison,
an 8KByte direct mapped instruction cache with 32 byte lines has an RBE cost of 44,000 rbe. Therefore,
the hardware cost of the BTB isaround 43% of the cost of an 8K direct mapped instruction cache. Sincethe
main purpose of the BTB isto eliminate misfetch penalties by providing taken target addresses, theBTB isa
costly mechanismin comparisonto the reductionismemory latency that aninstruction cache provides, when
comparing the hardware costs for these two mechanisms. This Figure shows that the Precomputed-Branch
architecture isa very attractive alternative to the BTB design especially for future 64-bit processors.
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Figure 7. BTB and Instruction Cache Access Time. Access time is in nanoseconds for a direct mapped,
2-way and 4-way associative caches. Access times are shown for a 128 and 512 entry BTB and a 8K and
32K instruction cache with 32 byte lines.

6.2.2 Impact on CycleTime

The accesstime for a cache (or a BTB) depends both on the size and the associativity of the design[17, 31].
Recall that the branch target buffer requires considerable resources, and is organized as a 4-way associative
cache, while the Precomputed-Branch architecture uses information recorded in the instructions. Figure 7
showsthe access time of the BTB in comparison to the access timefor an instruction cache using an accurate
timing analysistool by Wilton and Jouppi [38]. The Figure showsthat the accesstime of a4-way associative
128 entry BTB islarger than the accesstimefor a direct mapped 8K and 32K instruction cache with 32 byte
lines. The reason for this access time difference isthat for a direct mapped cache no mux driver is needed,
and the data contents can be sent ahead to the next pipeline stage before the full tag comparison finishes.
For associative caches, the associative tag comparison and selection can significantly slow down the cache
accesstime. Also noticein Figure 7, that the access time of the direct mapped 512 entry BTB islarger than
the direct mapped 8KByte instruction cache. Thisis because of the slower tag array organization resulting
from the 512 tags in the BTB, compared to the 256 tags needed for the 8K Byte cache. Notice that the 512
entry BTB has a smaller access time than the 8K Byte cache when comparing 2-way and 4-way associative
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1JB Entries
0 4 16 32

Direct Mapped BEP 022|019 | 018 | 0.17
1JB %MpB | 551 | 467 | 440 | 4.35
4-way Associative | BEP 022019 0.17| 0.17
1JB %MpB | 545 | 469 | 429 | 4.26

Table 4: A comparison of the BEP and %MpB for the 21-bit branch space partitioning with direct and
associative 1JB designs.

organizations. Thisisbecause of larger and slower mux driver needed to drive the 32-byte line of the cache
compared to the 4-byte line of the BTB.

Despite the advantages of direct mapped caches, many BTB designs, such asthe BTB used in the Intel
Pentium and PentiumPro and those proposed by Yeh et al [41] use alarge, multi-associative BTBsto reduce
the misfetch penalty. Though, for processors like the DEC Alpha 21064 and 21164, which have a direct
mapped first level instruction cache, an associative BTB design is not practical because of the access times
shown in Figure 7. Since the instruction fetch cycle often limits processor performance, designs using a
large, associative BTBs may lengthen the cycle time, affecting the performance of the entire processor.
In [18], the designers of the TFP (MIPS R8000) microprocessor stated:

We evaluated several well-known branch prediction algorithms for layout size, speed, and
prediction accuracy. The most critical factor affecting area was the infrastructure required to
support a custom block: power ring and power straps to the ring, and global routing between
the branch prediction cache and its control logic. Speed was a problem with tag comparisons
for those schemes that are associative. Accordingly we chose a simple direct-mapped, one-bit
prediction scheme which can be implemented entirely with a single-ported RAM.

The access timesin Figure 7 show that the BTB can affect the cycle time of the processor. In comparison,
the Precomputed-Branch design would have only avery small 16 entry 1JB which would not affect the cycle
time in comparison to the instruction cache access time. The indirect jump buffers simulated in Figures 5
and 6 were 4-way associative as were the BTB designs. Table 4 compares the performance of the 21-bit
branch space partitioning with a direct-mapped and associative | JB; thereislittle difference in performance.

6.2.3 Impact of Large Applications

In general, the BTB branch architecture has worse performance then the Precomputed-Branch architecture
for the large programsin the benchmark suite, although thisis not indicated in the mean valueswe show. In

part, thisisareflection of the application mix we used for benchmarking. Although applicationssuch asthe
Perfect Club and SPEC suite have the advantage of being well known and understood, they are dominated
by a small number of heavily executed branches, primarily in loops. By comparison, benchmarks such as
cfront andgrof f have more branches, and better illustrate the problems of fixed capacity mechanisms
such as BTB’s. We feel these programs better illustrate the performance of branch architectures. These
characteristics are shown in Table 5. Table 5 shows the branch quantiles for each program, and the total
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[Program [ Q25 Q-50 [ Q-60 [ Q70 | Q-80 [ Q-90 [ Q-95 [ Q-99 [ Q-100 | Static-All |

APS 20 50 74| 113 | 177 | 322 | 425 | 631 | 2705 17460
CSS 11 50 80| 128| 190 | 293 | 356 | 650 | 3293 19904
LGS 4 12 18 25 39 65 92 | 147 | 1972 14910
LWS 2 4 7 11 16 28 39 57 | 1686 14580
NAS 3 7 11 16 24 66 | 121 | 200 | 2574 15594
OCs 1 3 4 7 18 49 83| 219 | 2215 14524
SDS 1 9 13 21 30 44 74| 204 | 2475 15298
TFS 6 16 23 34 60 | 152 | 267 | 571 | 2368 14823
TIS 2 8 11 17 23 31 36 66 | 1201 13049
WSS 12 49 90| 143 | 217 | 327 | 413 | 641 | 2547 15334
doduc 2 6 16 40| 116 | 237 | 301 | 403 | 1965 14159
fpppp 6 11 18 27 39 60 88| 130 | 1029 13039
hydro2d 7 15 25 36 56 77| 113 | 234 | 2177 14253
mdljsp2 4 7 8 10 12 15 20 30 | 1472 14416
nasa’ 3 10 15 23 42 78| 133 | 381 | 1594 13680
ora 3 6 8 10 12 14 17 24 897 12431
spice 1 3 6 12 23 50 90 | 155 | 2718 19060
su2cor 4 10 13 17 24 37 48 80 | 2114 14658
swm256 1 2 2 2 2 3 3 15| 1146 12745
tomcatv 2 3 3 4 4 5 7 7 723 11515
waveb 7 22 31 46 71| 111 | 179 | 355 | 1789 15378
alvinn 1 2 2 2 2 2 6| 140 570 3107
compress 2 5 6 8 10 15 18 20 339 2236
ear 2 3 3 4 5 7 9 43 844 3968
egntott 1 2 2 2 5 26 58 94 740 3205
espresso 15 48 69 98| 133 | 186 | 289 | 686 | 2843 9728
gcc 73| 326 | 540 | 852 | 1308 | 2180 | 3182 | 5341 | 11781 32250
li 8 28 38 49 66 98 | 149 | 224 | 1082 5827
sc 4 12 26 44 63| 114 | 199 | 518 | 2492 9983
cfront 29 99| 169 | 309 | 615 | 1354 | 2271 | 4592 | 9228 37142
db++ 3 9 18 33 68 | 134 | 193 | 256 829 3569
groff 44| 168 | 237 | 326 | 449 | 697 | 990 | 1819 | 5675 19534
idl 6 15 19 22 27 64 | 127 | 398 | 2850 12433
lic 29 99| 156 | 266 | 449 | 752 | 1088 | 2074 | 4108 54222
porky 3 16 40 65| 124 | 358 | 649 | 1714 | 6258 29656

Overall Avg]| 9] 32| 51| 80| 129 230 346 660 2579| 15362

Table 5: Branch quantiles, showing the contribution of individual branch instructionsto the branch activity
in each program. The value of a given quantile entry shows the number of individual branch instructions
that contribute to a given fraction of the branching activity in a program.
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cfront gcc groff lic
Configuration | BTB/IJB | %MfB | %MpB | %MfB | %MpB | %MfB | %MpB | %MfB | %MpB
BTB 256 | 1252 | 13.79 691 | 1239 4.95 5.35 4.80 6.75
BTB Infinite 025 1361 0.03 | 1230 0.04 513 0.25 6.74
Optimal-21 0 0.00 | 14.39 0.00 | 1342 0.00 7.51 0.00 6.90
Optimal-21 4 0.00 | 13.93 0.00 | 1248 0.00 6.34 0.00 6.77
Optimal-21 16 0.00 | 13.75 0.00 | 1233 0.00 5.45 0.00 6.74
Optimal-21 32 0.00 | 13.66 0.00 | 1232 0.00 531 0.00 6.74

Table 6: Comparison of Misfetch and Mispredict Penalties for Programs with Many Branches. Both the
BTB and 1JB are 4-way associétive.

number of branches executed in that program. Each branch quantile showsthe number of static branch sites
that contribute a given amount to the number of dynamic branches during execution. For example, in the
‘APS' program, the Q-90 value indicates that the 322 branch instructionsin the program constitute 90% of
the branches executed in the program. The Q-100 value shows the total number of branch sites executed in
the program, and the Static-All value showsthe total number of static branches in the program.

Some programs, such as conpr ess and su2cor , have a high misprediction rate with few branches,
because they contain afew conditional branches that are simply hard to predict. Other programs, such as
cfront andgcc contain agreat number of conditional branches, and many of those branches are difficult
topredict. The predictionaccuracy for these programs can beimproved by using larger pattern history tables,
or by various compiler transformations[6, 25, 43]. One advantage of the Precomputed-Branch architecture,
particularly for larger programs representative of actual applications, isthat it isless susceptibleto capacity
misses for fetch prediction.

Programs such as cfront, gcc, Iic and grof f contain a large humber of branches, and the
Precomputed-Branch architecture performs very well for for these programs. Table 6, which shows the
%MfB and %M pB, showswhy. Each program has ahigh misprediction rate in both architectures, reflecting
the unpredictability of the conditional branches in these applications. The BTB architecture has a slightly
lower %MpB than the Precomputed-Branch architecture if no IJB entries are used, because the BTB
architecture can predict indirect jumps. However, the BTB architecture must also use the BTB to avoid
instruction misfetch penalties, and even a256-entry BTB has a considerable number of misfetchesfor these
large programs.

The C++ programs can benefit greatly from the addition of a very small indirect jump buffer. For
example, the %MpB for the db++ program drops from 15.71 to 0.78 with the addition of afour-entry 1JB.
This program contains a large number of indirect jumps, as shown by the detailed program information in
Table 1, but thoseindirect jumpsarefairly predictable. The predictability of indirect jumpsin C++ programs
was shown in an earlier study [7], and has been demonstrated for many C++ programs. Tables9 and 10, in
the appendix, show the %MpB for al configurations of the Precomputed-Branch architecture, using both
partitioning agorithms.
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7 Practical Concerns

In the past, segment architectures have been greeted with less than overwhelming enthusiasm, due to

limited segment sizes. However, the Precomputed-Branch architecture has a single instruction address
gpace with branch instructions that can only access a portion of that address space. A concern with an

explicit displacement encoding ishow to implement code relocation, which isimportant for shared program

libraries. For the Precomputed-Branch architecture, consider using an architecture such as the DEC Alpha
AXP, which uses a 21-bit branch displacement for word-aligned instructionsin a 64-bit instruction address
space. The instruction space is broken into 264-21+2 or ~ 2 trillion branch spaces of 8MBytes each.

Branches within each 8MByte branch space use an explicit displacement (pre-computed branch). Each
segment can be relocated to & 2 trillion different locations without modification, and all branches within a
given branch space are relative to that branch space. Furthermore, such large 8M Byte branch spaces would
address almost all programs we have encountered. With = 2 trillion different branch spaces to choose from

for relocation, dynamically performing relocation for a program or a shared library would not be a problem
for the Precomputed-Branch architecture.

7.1 Non-relative Branchesin a Relative World

The Precomputed-Branch architecture performs most of its branch computation at link or compile time.
Traditional relative branches perform the branch computation during instruction issue, where branch target
buffers can be used to cache thisinformation. The primary objection to using non-relative branches is that
most instruction sets already use relative branches, and the Precomputed-Branch architecture requires a
change to the instruction set architecture.

Itisalso possibleto pre-compute the branch destination when instructionsare entered into theinstruction
cache. Instructions in many architectures are partially decoded when fetched into the cache, simplifying
instruction dispatch and scheduling. The destination for a relative branch instruction can also be computed
during instruction fetch. Thisis shown diagrammatically in Figure 8. The lower order bits of the branch
instruction’s PC-relative target address is computed up to the carry-bit as the instruction is brought into
the cache; if the carry-bit is set, the branch destination is not in the current branch space. If the branch
instruction branches to a destination within the same branch space, the decoded instruction type is set to
indicate that the destination contains a pre-computed branch, and the instruction stored in the instruction
cache is changed to contain the pre-computed explicit displacement. If the destination is not in the same
branch space, the branch will have to use an indirect jump, and the instruction type is marked to indicate
that the 1JB should be used to predict the branch destination. When fetching a branch instruction with the
pre-computed branch type bit set, the target address for the next fetch is calculated as previously described
for the Precomputed-Branch architecture, where the upper bits of the PC are concatenated with the pre-
computed branch displacement. For a branch instruction that is marked to use the 1JB, the first time the
instruction is executed the proper destination is computed in the decode stage and is used to initialize the
1JB. Then on subsequent accesses to that instruction, the target address stored in the 1JB will be used in the
next instruction fetch to eliminate the misfetch penalty.

In such an architecture, the partitioning discussed in §5 reduces the number of branchesthat span branch
gpaces. Asin the Precomputed-Branch architecture, thisimprovesthe effectiveness of the 1JB entries. With
partitioning, the cost and performance for this architecture would be identical to the design proposed, with
the addition of an extra cycle of delay when instructionsare fetched into the instruction cache. One benefit
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Figure 8: Decoding Instructions When Fetching From Memory

tothisalternate design shown in Figure 8, isthat the instruction set architecture does not need to be changed
since the compiler till creates branches with PC-rel ative offsets.

8 Conclusions

We have shown that using a pre-computed or non-relative branch displacement is more effective than
an architecture that uses a large BTB to cache the destinations for branches. We examined a variety of
simple partitioning algorithmsthat break programs into multiple branch spaces and convert the inter-space
branchesto indirect jumps. These partitioning algorithmsare simple, work well without profileinformation,
and work better with real or estimated profile information. Also, these same partitioning algorithms are
aready used in existing compilers to map procedures and basic blocks to improve page utilization and to
improve instruction cache performance [25, 30]. We have shown that combining a small indirect jump
buffer with the Precomputed-Branch architecture resultsin a branch architecture that usesfew resources and
has excellent performance, particularly for programs with a large number of branches. We also described
how to use the Precomputed-Branch architecture in existing processors without having to modify the
instruction set architecture. Lastly, there is another advantage to the proposed designs — the pre-computed
branch destination does not depend on the size of the address range. By comparison, the size of a branch
target buffer would increase as the instruction address range increases, and will pose problems for 64-bit
processors.

This branch encoding has been used in older architectures such as the PDP-8, but is even better suited
for modern architectures when a sizable branch displacement field is provided. The Precomputed-Branch
architecture exploits the information available at each step of the compilation and execution process. This
separates the branch targets that can be pre-computed prior to execution from those that actually need
dynamic prediction, such as indirect jumps with multiple targets using an indirect jump buffer and return
instructions using the return-stack [19].
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A Detailed Information From Trace-Driven Simulations
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Seperate Preorder Prof Depth Max Cut
Program Seg [ %IIB || Seg [ %IIB || Seg [ %IIB| Seg| %lIB
APS 797 | 4.63 92| 338| 91| 019| 80| 0.19
CSSs 818 | 524 92| 240 92| 247| 90| 137
LGS 726 | 10.14 6/0| 644 | 6/1| 136| 6/0| 168
LWS 714 | 7.03 6/1| 314| 6/1| 0.00| 6/0| 0.00
NAS 740 | 10.99 71| 9.47 7/1| 043 7/0 | 043
OCs 717 | 044 6/1| 044| 6/0| 006| 6/0| 0.00
SDS 768 | 0.37 6/1| 002| 60| 0.02| 6/0| 014
TFS 715 | 243 6/0| 230| 61| 028]| 6/0| 021
TIS 681 | 0.00 51| 000| 51| 000| 50| 0.00
WSS 757 | 2.09 71| 097 7/0| 054| 7/0| 0.67
doduc 708 | 6.86 6/1| 021| 61| 106| 6/0| 102
fpppp 685 | 2.66 6/1| 022| 6/3| 070| 6/0| 0.00
hydro2d 716 | 1.38 6/1| 000| 6/1| 000| 6/0| 0.00
mdljsp2 733 | 0.29 6/2| 027 || 61| 0.00| 6/0| 0.00
nasa’ 706 | 5.95 6/0| 022| 6/2| 1.06| 6/0| 108
ora 668 | 9.75 51| 040| 52| 000| 50| 0.00
spice 815 | 228 92| 173| 92| 08| 90| 033
su2cor 711 | 6.92 6/0| 465| 7/2| 002| 6/0| 0.02
swm256 677 | 0.08 50| 008 | 51| 000| 50| 0.00
tomcatv 617 | 0.03 51| 001| 51| 0.00| 50| 0.00
waveb 762 | 7.34 7/1| 3.19 71 712 7/0 | 1.68
alvinn 212 | 0.64 20| 000| 2/0| 000| 20| 0.00
compress 149 | 1.95 /0| 0.00| 2/0| 0.00| 1/0| 0.00
ear 290 | 17.42 20| 005| 20| 000| 20| 0.00
egntott 212 | 0.69 20| 016| 2/0| 0.00| 20| 0.00
€espresso 551 | 2.26 41| 1.22 4/0 | 0.49 4/0 | 011
gcc 1651 | 490 | 12/2| 172 | 12/2| 167 || 12/0 | 1.92
li 551 | 12.92 30| 084 30| 084 30| 090
sc 512 | 4.55 41| 075| 4/0| 092 | 4/0| 0.03
cfront 981 | 7.69 || 16/13 | 4.30 || 15/7 | 3.70 | 14/0 | 4.02
db++ 329 | 6.75 20| 000| 20| 000| 20| 0.00
groff 1756 | 9.00 84| 391| 82| 319| 80| 203
idl 1459 | 9.07 51| 772 | 51| 766 | 50| 750
lic 5333 | 1252 || 25/5| 6.12 || 24/2 | 444 | 24/0 | 3.27
porky 3704 | 17.74 14/2 | 13.78 || 14/2 | 4.12 || 14/0 | 3.30

Overall Avg | 940 | 557 |

771 229] 71] 1.23] 7/0] o091

Table 7: Efficacy of Program Partitioning with 14-bit Branch Displacements. The format of the table and

the significance of the valuesisdiscussedin §5.1.
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Seperate Preorder Prof Depth Max Cut
Program Seg | %I 1B Seg| %I1B Seg| %I1B Seg| %I1B
APS 797 | 463 | 2/0| 273| 2/0| 051| 2/0| 0.00
Css 818 | 524 3/0| 176 31| 283 | 3/0| 0.00
LGS 726 | 1014 || 2/0| 0.00| 2/0| 0.00| 2/0| 0.00
LWS 714 | 7.03| 2/0| 000| 2/0| 0.00| 2/0| 0.00
NAS 740 | 1099 || 2/0| 0.00| 2/1| 0.00| 2/0| 0.00
OCs 717 | 044\ 2/0| 000| 2/0| 0.00| 2/0| 0.00
SDS 768 | 037 2/0| 000| 2/0| 0.00| 2/0| 0.00
TFS 715| 243 | 2/0| 000| 2/0| 0.00| 2/0| 0.00
TIS 681 | 000 2/1| 000| 2/1| 0.00| 2/0| 0.00
WSS 757 209 2/0| 044 2/0| 022 2/0| 0.00
doduc 708 | 686 2/0| 000 | 2/0| 0.00]| 2/0| 0.00
fpppp 685 | 266 2/0| 000| 2/0| 0.00]| 2/0| 0.00
hydro2d 716 | 138 2/0| 000 | 2/0| 0.00| 2/0| 0.00
mdljsp2 733 | 029 | 2/0| 000 | 2/0| 0.00 | 2/0| 0.00
nasa’ 706 | 595 2/0| 000| 2/0| 0.00| 2/0| 0.00
ora 668 | 9.75| 2/1| 000| 2/1| 0.00| 2/0| 0.00
spice 815| 2281 3/1| 169 | 30| 082 30| 0.00
su2cor 711 | 692 | 2/0| 000| 2/0| 0.00| 2/0| 0.00
swmz256 677 | 008 2/0| 000 | 2/0| 000 | 2/0| 0.00
tomcatv 617 | 003 2/0| 000 | 2/0| 0.00| 2/0| 0.00
waveb 762 | 734 2/0| 002| 2/1| 293| 2/0| 0.00
alvinn 212 | 064 1/0| 000 | /0| 0.00| 21/0| 0.00
compress 149 | 195| 1/0| 0.00| 2/0| 0.00 | /0 | 0.00
ear 290 | 1742 || 1/0| 000 | /0| 0.00| 2/0| 0.00
eqgntott 212 | 069 1/0| 000 | /0| 0.00 || /0| 0.00
espresso 551 | 226 1/0| 000 | 1/0| 0.00| 2/0| 0.00
gcc 1651 | 490 3/0| 1.05| 3/0| 089 | 30| 0.97
li 5511|1292 | 1/0| 000 | 1/0 | 000 || 1/0| 0.00
sC 512 | 455 1/0| 000 | 1/0| 0.00| 1/0| 0.00
cfront 981 | 769 | 40| 231 4/0| 199 | 4/0| 1.06
db++ 329 | 6.75| 1/0| 000 | 1/0| 000 | 1/0| 0.00
groff 1756 | 9.00( 2/0| 140 | 2/1| 087 | 20| 084
idl 1459 | 9.07 || 2/0| 504 | 2/0| 504 | 2/0| 5.04
lic 5333 | 1252 || 6/0| 287 | 6/0| 037 | 6/0| 0.29
porky 3704 | 17.74 || 4/0| 244 || 40| 3.00 | 4/0| 275

Overall Avg || 940| 557 2/0] 062 200| 056 20| 031 ]

Table 8: Efficacy of Program Partitioning with 16-bit Branch Displacements. The format of the table and
the significance of the valuesisdiscussedin §5.1.
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14 bit Branch Space 16 bit Branch Space 21 bit Branch Space
Program No | 4 16 | 32 No | 4 16 | 32 No | 4 16 | 32
APS 6.57| 389 | 333| 318| 591| 357| 326| 314| 318| 311| 309| 3.09
CSs 762| 663| 603| 550|| 699| 601| 529| 512| 522| 455| 416 401
LGS 1159 | 539| 517 | 514 | 514| 514 | 514 | 514 514| 514| 514 | 514
LWS 851| 630| 536| 536| 536| 536| 536| 536| 536| 536| 536| 536
NAS 1362 | 501 | 383 | 332| 415| 344| 331| 331| 415| 344| 331| 331
OCs 287 | 247| 245| 245| 243| 242| 242| 242 243| 242| 242| 242
SDS 328| 328| 326| 325| 326| 325| 325| 325| 326| 325| 325| 325
TFS 6.32| 587 | 398| 391| 402| 38| 386| 38| 402| 387| 386| 386
TIS 166 | 166| 166| 166| 166| 166| 166| 1.66| 166| 1.66| 166 1.66
WSS 647 | 453 | 391 | 382 593| 399| 382| 382| 550| 398| 382| 382
doduc 460 | 452| 450 | 447 | 440| 439 439| 439| 440| 439| 439| 439
foppp 486 | 463| 463 | 463 | 463 | 463| 463| 463 | 463| 463| 463| 463
hydro2d 280 | 280 | 279| 279 279| 279| 279 | 279|| 279| 279| 279| 279
mdljsp2 6.96 | 669 | 669 | 669 | 669 | 669 669 | 669 669 669 669| 669
nasa’ 277 | 240| 229 | 224\ 255| 227| 220| 220 255| 227| 220| 220
ora 302| 261| 261| 261 261| 261 | 261 | 261|| 261| 261| 261| 261
spice 595| 456 | 407 | 406| 591 | 454| 406| 406| 422| 406| 406| 4.06
su2cor 1415| 933 | 932 | 932 950| 932| 932| 932| 950| 932| 932| 9.32
swm256 0.67| 052| 052| 052 | 059| 052| 052| 052 059 | 052| 052| 052
tomcatv 051| 051| 049 | 049 | 050 | 050| 048| 048 | 050| 050| 048| 048
wave5 6.76 | 355| 352 | 348| 359| 348| 348| 348| 357| 348| 348| 348
avinn 023 021| 021| 021 023| 021| 021| 021 023| 021| 021| 021
compress 9.86| 9.86| 9.86| 9.86| 986| 9.86| 9.86| 9.86| 9.86| 9.86| 9.86| 9.86
ear 403 | 394| 394 | 394| 398| 394| 394| 394 | 398| 394| 394| 394
eqgntott 313| 131| 128| 128| 297 | 131 | 128| 128 297 | 131| 128| 128
espresso 647 | 554 | 529| 516| 525| 509| 507 | 507| 525| 509| 507| 507
gee 15.14 | 14.01 | 1342 | 13.06 || 14.47 | 13.42 | 12.97 | 12,68 || 13.42 | 12.48 | 12.33 | 12.32
I 592 | 480| 426| 408| 508| 402| 401| 401 508| 402| 401| 401
S 533 | 415| 395| 389 | 442| 383| 382| 382| 442| 383| 382| 382
cfront 18.69 | 18.08 | 17.12 | 16.42 || 16.70 | 16.14 | 1574 | 15.27 || 14.39 | 13.93 | 13.75 | 13.66
do++ 1571 | 078 | 076 | 0.76| 1571 | 0.78| 0.76 | 0.76 | 1571 | 0.78| 0.76 | 0.76
groff 1142 | 955| 7.29| 659| 891| 749| 614| 582| 751| 634| 545| 531
il 21.07 | 2087 | 338 | 259 | 1839|1825 | 299 | 219 | 1335|1321 | 220 | 1.85
lic 13.02 | 1039 | 956 | 898| 9.77| 846| 800 | 7.31| 690| 677 | 674| 6.74
porky 1955| 851 | 640 | 542| 821 | 6.18| 509| 442| 577| 418| 353| 326
| OverdlAvg | 7.75| 569| 478| 460 607 | 513| 453| 443| 545| 469 429| 4.26|

Table 9: The percentage of mispredicted branches using the Preorder partitioning. The results are shown
for avarying number of 1JB entries; the 1JB entries are only used to predict indirect jumps.
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14 bit Branch Space 16 bit Branch Space 21 bit Branch Space
Program No | 4 16 | 32 No | 4 16 | 32 No | 4 16 | 32
APS 338| 318| 315| 313| 318| 311| 309| 309| 318 311| 309| 3.09
CSs 6.60| 550 | 427 | 408| 522| 455| 416| 401| 522| 455| 416| 401
LGS 6.82| 554 | 514 | 514| 514 | 514| 514 | 514| 514| 514| 514 | 514
LWS 536 | 536| 536| 536| 536| 536| 536| 536| 536| 536| 536| 536
NAS 458 | 358| 332| 332| 415| 344| 331 | 331| 415| 344| 331| 331
OCs 244 | 243 | 242| 242| 243| 242| 242| 242| 243| 242| 242| 242
SDS 341| 327| 325| 325| 326| 325| 325| 325| 326| 325| 325| 325
TFS 424 | 412| 395| 388| 402| 387| 386| 38| 402| 387| 386| 3.86
TIS 166 | 166| 166| 166| 166| 166| 166| 1.66| 166| 1.66| 166 1.66
WSS 6.17| 415| 383| 382| 550| 398| 382| 382| 550| 398| 382 382
doduc 542 | 486| 439 | 439| 440| 439| 439| 439 440| 439| 439| 439
foppp 463 | 463| 463 | 463 | 463 | 463| 463| 463 | 463| 463| 463| 463
hydro2d 279 | 279| 279 | 279| 279| 279| 279| 279| 279| 279| 279| 279
mdljsp2 6.69 | 669 | 669 | 669 | 669 | 669 669 | 669 669 669 669| 6.69
nasa’ 363 | 314 | 251 | 224| 255| 227| 220| 220| 255| 227| 220| 220
ora 261| 261| 261 | 261| 261| 261| 261| 261| 261| 261| 261| 261
spice 455 | 431| 406| 406 | 422| 406| 406| 406| 422| 406| 406| 4.06
su2cor 952 | 933| 932| 932| 950| 932| 932| 932| 950 | 932| 932| 932
swm256 059 | 052| 052| 052 | 059| 052| 052| 052 059 | 052| 052| 052
tomcatv 050 | 050| 048 | 048 | 050| 050| 048| 048 | 050| 050| 048| 048
wave5 526 | 397 | 348 | 348| 357 | 348| 348| 348| 357| 348| 348| 348
alvinn 023| 021 021| 021 023| 021| 021| 021 023| 021 021| 021
compress 9.86| 9.86| 9.86| 9.86| 986| 9.86| 9.86| 9.86| 9.86| 9.86| 9.86| 9.86
ear 398| 394 | 394 | 394| 398| 394| 394| 394| 398| 394| 394 39
eqgntott 297 | 131| 128| 128| 297 | 131| 128| 128| 297 | 131| 128| 128
espresso 536 | 516| 510| 509| 525| 509| 507| 507 | 525| 509| 507| 507
gee 15.34 | 14.08 | 1336 | 12.98 || 14.38 | 13.18 | 12.73 | 1253 || 1342 | 12.48 | 12.33 | 12.32
I 599 | 487 | 427 | 408| 508| 402| 401| 401 508| 402| 401| 401
S 446 | 384 | 383 | 382| 442| 383| 382| 382| 442| 383| 382| 382
cfront 1841 | 17.48 | 16.40 | 15.64 || 1545 | 14.92 | 1459 | 14.38 || 14.39 | 13.93 | 13.75 | 13.66
do++ 1571 | 078 | 077 | 076 1571 | 0.78| 077 | 0.76 || 1571 | 0.78| 0.76 | 0.76
groff 954 | 798| 660| 6.14| 836| 692| 591 | 569| 751| 634| 545| 531
il 20.85| 2060 | 306 | 251 1839|1825 | 299 | 219 | 1335|1321 | 220 | 1.85
lic 1017 | 871 | 830 | 7.68| 7.19| 684| 677 | 676| 690 | 677 | 674| 6.74
porky 907 | 716| 562 | 485| 852| 658| 532| 465| 577| 418| 353| 326
| OverdllAvg | 637 | 537 | 458 | 446 | 577 | 497| 442| 435| 545| 469] 429| 4.26|

Table 10: The percentage of mispredicted branches using the MaxCut partitioning. The results are shown
for avarying number of 1JB entries; the 1JB entries are only used to predict indirect jumps.



