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Abstract:

Designing a modern microprocessor is a complex task that demands careful balance between cycle time,
cycles-per-instruction, and area costs. In particular, the instruction fetch unit greatly affects the perfor-
mance of a multi-issue processor. It must provide adequate bandwidth to sustain peak instruction issue
rate, and must predict future instruction sequences with high accuracy.

In the UltraSPARC prefetch and dispatch unit design, we examined a technique that combined two predic-
tion methods: predictive set-associative cache and in-cache prediction. This combination was compared
with alternative designs such as direct-mapped and set-associative caches, and a branch history table and
a branch target buffer. We chose the combined prediction technique for its fast cycle time, lower cycles-per-
instruction, and lower area costs.

This paper summarizes the trade-off decisions made in the design of the UltraSPARC instruction prefetch
and dispatch unit.
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Design of the UltraSPARC Instruction Fetch Unit

Robert Yung

Sun Microsystems Laboratories
901 San Antonio Road
Palo Alto, California 94303

1 Introduction The design of the UltraSPARC prefetch and
dispatch unit centered around two questions:
Designing an instruction prefetch and dispatch
unit (PDU) has become a critical and complex
task in a modern processor such as Sun

* What is the optimal cache organization
to sustain peak instruction dispatch

Microsystem’s UltraSPAREV [8]. It is critical rates?

because the throughput of a processor depends « What branch prediction technique
on the ability of the processor’s PDU to fetch achieves high prediction accuracy with
and issue needed instructions. It is complex for small misprediction penalties?

two reasons. As the speed gap between a

processor and its memory system widens, there! "€ answer to the first question is typically a
is greater reliance on high speed caches tgchoice of a direct-mapped or a set-associative

sustain peak instruction dispatch bandwidth. A ¢ache; both have been thoroughly researched in
first level cache should utilize only a small @cademia and industry in the last thirty years

fraction of the integrated circuit area to reduce V{'T ;‘8 1 Zdﬂnllive I\pl)r_e];]erence hto elther_
cost and minimize access speed, but still[ 4,5,10,12,13,14]. either cache organi-

provide most of the instructions needed by the Z8tion offered the best trade-offs for the
PDU. The second complexity arises with UItraSPARQ design. Instead, we proposed a
increases in instruction issue width and "¢V _teqhnlque called thepredlctlve set-
pipeline depth. An efficient PDU should associative cache (PSAQ20], implemented in

anticipate with high accuracy the outcome of the UltraSPARC processor, in an attempt to

issued vet pendina branches. and prefetch an ombine the benefits of higher cache hit rates
: yet p 9 » andp ssociated with set-associative caches and the
issue in the predicted execution path. If a

. . shorter access time of direct-mapped caches.
prediction is later found to be incorrect, a PDU PP

should quickly invalidate incorrectly issued The second question was how to handle
instructions and restart fetching from the right branches. Two factors that make instruction
instruction addresses. fetching difficult are high dynamic branch



density in programs and the large number of possible future improvements. Section 6

pending branches possible in a multi-issue examines area cost to implement the PSAC and
processor. Percentages of dynamic branches inCP, and some alternatives. Section 7 concludes
integer and commercial programs are usuallywith a summary and suggests possible future
over 20%, with more than half being taken work.

branches [18]. High scalarity and deep

pipelining increase the number of pending 2 Related Work

branches in a multi-issue processor. In search

of a branch prediction solution for the With increases in transistor budget and per-
UltraSPARC design, static prediction and formance goals, eight recent microprocessors,
software prediction were rejected because ofshown in Table 1, incorporate large and fast
their low prediction accuracy or difficulties in instruction caches and advanced branch
applying them to all programs. The prediction techniqgues to sustain high

combination of a branch history table (BHT) instruction dispatch and execution rates. Many
and a branch target buffer (BTB) offers good microprocessors contain an on-chip, direct-
prediction accuracy [9]. Unfortunately, a BTB mapped, single cycle access, level one
access could not be completed within the targetinstruction cache, as recommended in [10]. [5]

cycle time without incurring a one cycle suggested a hashing scheme to minimize
predicted taken branch penalty. Instead, a newconflict misses in a direct-mapped cache, but
branch  prediction technique, in-cache its complexity and cycle time impacts prohibit

prediction (ICP) [19], integrated into the its use in a commercial design. [6] outlined a

instruction cache, was proposed andscheme similar to PSAC with its benefits, but

implemented in the UltraSPARC. An ICP did not include data specifying its miss rates

provides high branch prediction accuracy andand miss causes.

no branch following latency; it can be

implemented within the UltraSPARC target Al e_ig.ht microprocessors implement brqnch
cycle time. prediction. The most popular scheme is a

branch history table combined with either a
Solutions to these two questions were branch target address buffer or dynamic target
complicated by further trade-offs such as area,address calculation in parallel with instruction
power dissipation, design complexity, and cache access. If a branch is predicted not taken
scalability for future enhancement. This paperin the BHT or is absent from the BTB, it is
offers some insights into the choices made inpresumed to be not taken, and its address is
the UltraSPARC prefetch and dispatch unit calculated. The combination of a BHT and a
design. Section 2 surveys instruction fetch unit BTB provides high accuracy in branch
organization in recent microprocessors. Sectiondirection and target address prediction, but has
3 describes the UltraSPARC instruction two disadvantages. First, because the next fetch
prefetch and dispatch unit and summarizes itsaddress selection depends on the outcome of
design goals. Section 4 discusses thethe BTB search, it may add to the critical path
benchmarks and methodology used to drive theof a design. Second, if the current cache line
design process. Section 5 presents miss ratesontains more than one branch, the branch
and cycle-per-instruction (CPI) costs for the history and branch target address of each
PSAC and ICP schemes and some alternativesbranch must be accessed and prioritized to
These results include design alternatives notdetermine the next fetch address. This most
examined in the original UltraSPARC design. likely adds to the critical path of a design. In
They show quantitatively the consequences ofthis case, the next fetch may be assumed not
choices made in the design and point outtaken and if wrong, the target address can be



Sun UltraSPARC DEC 21164 HAL R1 HP PA-8000
Clock Frequency 1677250 Mhz 300 /366 Mhz 154 Mhz 160/ 275Mhz
Level 1 Instruction 16KB 8KB 4KB external 1IMB
cache (L1IC) predictive 2-way direct-mapped direct-mapped direct-mapped
L1IC thruput/latency 1/1 1/1 1/1 1/2

Icache bandwidth

16B per cycle

16B per cycle

16B per cycle

16B per cycle

branch history

2048-entry 2-bit BHT]
in L1IC

2048-entry 2-bit BHT

1024-entry 2-bit BHT]

256-entry 3-bit BHT

branch target address

1024 11-bit NFA in
L1IC

computed and stored i
L1IC on miss

rcomputed 1 cycle afte
L1IC fetch

32-entry BTB

return addr stack 4-entry none 4-entry none
taken branch latency none 1 cycle none if hit L1 Icache  none
mispredict penalty 4 cycles 5 cycles 3to 6 cycles 5 cycles

IBM PPC620 SGI R10000 AMD 5K86 Intel Pentium Pro
Clock Frequency 133 Mhz 200 Mhz (estimated 90 Mhz 1337200 Mhz
Level 1 Instruction 32KB 32KB 16KB 8KB
cache (L1IC) effective 8-way 2-way direct-mapped 4-way
L1IC thruput/latency 1/2 1/2 1/1 1/3

L1IC bandwidth 16B per cycle 16B per cycle

16B per cycle

16B per cycle

branch history 2048-entry 2-bit BHT| 512-entry 2-bit BHT]

1024-entry 1-bit Bk
in L1IC

HJ12-entry 4-way 4-bit
BHT

branch target address 256-entry BTB computed 1 cycle

af@24-entry BTB in

512-entry, 4-way BTB

L1IC fetch L1IC
return addr stack none 4-entry branch stac none 16-entry
taken branch latency 1 cycle 1 cycle none 1 cycle
mispredict penalty 2 cycles > 4 cycles > 3 cycles > 10, 15 cycles (ty

Table 1.Summary of instruction fetch unit in recent microprocessors [1,4,12].

refetched in the following cycle. This approach sequential address in the NFA. Storing only
reduces cycle time at the expense of a two-target addresses in the NFA has both the BTB
cycle taken branch latency which leads to disadvantages, while the alternate does not.

increased CPI for taken branches.

Except for the UltraSPARC and the AMD
5K86, all the BHTs and BTBs are implemented
with  RAM structures separate from
instruction cache. Incorporating theext fetch
address (NFA)into a cache was described in [16]:
[6] and [11]. Both schemes store only target
addresses in the NFA, while sequential
addresses of predict-not-taken branches are
calculated. Our study in [17] shows that there

is little difference in prediction accuracy
between storing only target addresses in the
NFA and storing either a branch target or a

3

Instruction Prefetch and
Dispatch

the To limit the number of design choices for the
UltraSPARC PDU, the following goals were set

single cycle cache access sets the cycle

time;

contributes to less than 30% of total CPI

cost;

sustains instruction issue rate above three
for integer and four for floating point and

graphic code;

instruction cache miss rate below 2% per

instruction;



 branch and target prediction accuracy 4 Evaluation Metric
above 85% per branch with minimal
misprediction penalties;
» consumes less than 20% of chip area.
All the PDU goals were achieved in the
UltraSPARC design. Highlights of the
UltraSPARC PDU are summarized in Table 2.
Two key PDU design decisions are its cache
organization and branch prediction technique.

In the remainder of this paper, the choices Three analytical models were coded in a
made in the UltraSPARC design, predictive set- spreadsheet program. The CPI model estimates
aSSOC'at'Ve CaChe and in'CaChe prediction, arq:Pl costs for a wide range of Superscalar

4.1  Methodology

Two approaches were taken in the design of the
UltraSPARC prefetch and dispatch unit.
Results from three analytical models set the six
PDU goals. A cycle accurate simulator
finalized the UltraSPARC organization.

evaluated. pipelines with different numbers and types of
functional units, branch predictors, and cache
Features UltraSPARC (US-1,-1l) PDU implementatfon and memory organizations. Two sets of inputs
. used by the CPI model are processor-

Cycle time single cycle instruction cache access. 6fs in . .. ,

US-I: 4ns in US-Il independent statistics such as cache miss rates

Capacity,  |16KB, predictive 2-way set-associative, 328 and dynamic instruction and dependency
Associativity |block size counts, and pipeline and cache configurations
Physical direct-mapped, 32 bytes per line, deliver§up  for the target design. A speed model was

organization

to 4 out of 8 instructions in a cache line e
cycle

ach

Set prediction

1024-entry 1-bit dynamic set predictors
1 for 4 instructions

SP),

Transistors,
Area

1.6 million transistors; <10% chip area

Table 2.Summary of the UltraSPARC PDU.

created to estimate cycle time by calculating
worst case delay of critical paths using a delay
file for the target process technology. The delay

Branch 2048-entry 2-bit dynamic history (PRED), file contains estimation of delays, produced by
prediction |1 for 2 instructions HSPICE, for the most commonly used
Address 1024-entry 11-bit next-fetch-address (NFA), Components Such as the arlthmetlc |Og|C unlt
prediction 1 for 4 instructions, 4-entry subroutine retirn .
stack (ALU), reglsters, and cgche array. An area
Decoded One 4-bit instruction class field (ICLASS) per mo_del eStlmate_S die size by summing the
instruction bits|instruction estimated cell sizes for each component with
Address single cycle access, 64-entry fully associative ~consideration given to cache array efficiency,
translation TLB. single cycle check, one 1-entry micfo- routing and input/output overhead. The results
TLB, 41-bit physical add . .
. U prysical acaress from the analytical models set the six PDU
Instruction 12-entry instruction buffer
buffer goals.

Although the six goals limited the number of
choices, the remaining PDU alternatives
needed a thorough and detailed analysis. A
cycle accurate simulator,spitfire_per was
written which contains 26,000 lines of C code
[16]. (Spitfire was the code name of
UltraSPARC). The  simulator includes
parameterized components such as pipelines,
multi-level cache, load and store buffers,
instruction prefetch and dispatch front-end, and
a simple memory and bus model. The final
UltraSPARC organization was based on the
results fromspitfire_per



The results reported in this paper are based orthis paper. The results from the SPEC95Int
a faster PDU simulatorCachesim7[21], and = benchmark were also included, with the hope
confirmed with spitfire_perresults.Cachesim7 that it is more representative of the programs
has been generalized for evaluation of a widerwe use today. What we found was that the two
spectrum of alternatives based on in-cachesets of benchmarks behaved similarly, and most
prediction schemes. Results of alternativeof their programs did not exercise the

branch designs are based qmedl [21], a instruction cache nor the branch prediction

generic BHT and BTB simulator. mechanism typical in a modern microprocessor.

All the performance results were obtained from
4.2 Benchmarks trace-driven simulations for the six SPEC92Int
SPEC92Int was one of the benchmarks used tcand eight SPEC95Int benchmark programs
evaluate architectural alternatives for the [2,3]. The results from gcc, the only program in
UltraSPARC. Its analysis formed the basis of the benchmark suite that exercises a substantial

g Dynamic Dynamic Branches Static Branches num. of static
g instructipns (% dynamic instruction) o (% static instruction) br_ant_:hes
S programs (excluding static instr constituting _90%
é inirt]rr:::ltli?)i) uncond| return cond uncond return cond 0;2:;[2!;
espresso 931,034,624 1.6% 0.7% 17.9% 74,848 93% 1|13% 8.9% 191
2 li 4,764,766,826| 4.3% 2.4% 16.3% 53,506 10.1% 1.6% 914% 120
§ eqgntott 579,705,59( 2.8% 20% 19.8% 26,212 5p% 1.9% 12.5% 77
E) compress 126,826,068 1.3% 0.7% 14.4% 42,968  8|3% 1i7% D.1% 17
P Tse 315,481,376 3.5% 1.19 18.8% 67,579 9.3% 1.4% 9l4% 235
gcc 1,127,468,03( 2.9% 1.89 15.7% 208,283 9.B8% 2.0% 11.1% 2427
go 94,271,363,517 2.3% 0.99 12.7% 104,537 6.0% 1.0% 10.0% 1137
m88ksim 65,618,372,090 2.19 14% 13.9% 53,098 8]1% 2.2% 10.3% 170
= |gcc 1,814,616,506  2.5% 1.89 19.06 326,220 90% 1.J% 12.8% 4240
Q compress 14,048,170,148 2.9%  0.0% 13.4% 29,030 81% 1{4% 1p.7% 6
E_-j li 51,761,814,700f 4.5% 2.0% 17.0% 42,799 9.9% 1.7% 10J0% 114
n ijpeg 82,707,620,515 5.3% 5.39 12.3% 80,75 5.6% 2.8% 9.4% 63
perl 35,450,862,59¢ 2.9% 2.49 16.4% 99,313 9.8% 1.2% 10.6% 188
vortex 165,162,278,043  2.89 21% 16.7% 150,792 912% 1.3% 9.5% 267

Table 3.Branch statistics for the SPEC92Int and SPEC95Int benchmarks.
Note: Espresso and sc SPEC92Int results are based on tial.in and loadal respectively. Gecc SPEC95Int results are
based on inputs amtjp.i, gcc.i, integrate.i, and varasm.i. All results based on the average of the first one billion
dynamic instructions of each input. Unconditional branches (uncond) include call, branch_always and

branch_never. Returns are JMPL used as returns. Conditional branches (cond) are PC-relative conditional
branches.



number of static branches similar to larger selects the set for the next fetch. If a set

programs [13], are presented along with the prediction is correct, the access time of a PSAC

geometric means of the six SPEC92Int andis the same as a direct-mapped cache. In the
eight SPEC95Int programs. The SPEC92Intevent that an SP misses, the needed set is
and SPEC95Int programs were compiled with refetched in a subsequent cycle and the
the SunSoft compiler SC3.0 and SC4.2, incorrect SP is updated. During a cache miss, a
respectively. The binaries were traced with most recently used (MRU) history bit is used to

shade [7] running on Solaris 2.5.Shade decide the placement or replacement of a cache
produces dynamic instruction traces for the line, just as in a set-associative cache. If the set
simulators described above. Due to the size does not exceed the smallest page size, a
limitations of shade only user level PSAC enables a further speed improvement by
instructions were simulated. Branch statistics allowing a cache access to proceed in parallel

for the benchmarks are shown in Table 3. with look aside buffer (TLB) translation.
Although the translation outcome is needed to
5 Performance Evaluation determine a cache hit or miss, the likely cache

) ) . o entry can be used in the interim.
In this section, predictive set-associative cache

and in-cache prediction techniques are The UltraSPARC uses a 2-way PSAC, and
described. Miss rates and CPI costs for eachthere is a one-bit SP for every four instructions

are presented and analyzed. in the UltraSPARC instruction cache. The

instructions of only the predicted set are
5.1 Predictive set-associative cache accessed in each four-instruction fetch, thus
(PSAC) saving power and cache cycle time. To

. . _ minimize SP miss cost to one cycle, tags of
A direct-mapped cache has a higher miss rate,qih sets are read in parallel

than a set-associative cache, but is faster
because instructions from a cache access caihe efficiency of a PSAC depends on miss rate
be used while the tag comparison takes placedifferences between a direct-mapped and a set-
thus reducing cache cycle time. A set- associative cache of equal size, and set
associative cache reduces conflict misses, angrediction accuracy. If the working set of
overall cache misses, by providing two or more programs fits in a direct-mapped cache, PSAC
sets to which a cache block can be stored. Thedoes not help. A PSAC is useful when conflict
disadvantages of a set-associative cache arenisses dominate cache misses. Figures 1
higher area cost and longer access time than @ahrough 4 show cache miss rates for direct-
direct-mapped cache of the same size. If a setmapped and predictive 2-way PSAC, and SP
associative  cache were implemented, miss rates. Three reasons for set prediction
UltraSPARC would have a 30% increase in misses are explained below, and their
cycle time, or else two-cycle cache accesses. breakdowns are shown in Table 4. Table 5
shows the CPI costs for several possible

A PSAC enables a direct-mapped cache 1O 1traSPARC cache organizations.

achieve the same higher cache hit rate of a
multi-way set-associative cache with minimal Fetch size is the number of instructions—four
area overhead. A PSAC is divided into N in the UltraSPARC—read in each cache access.
logical sets (N=2 in the UltraSPARC) Although fetch size does not affect the cache
implemented with a direct-mapped static RAM miss rate, it affects the SP miss rate in two
(SRAM) array. Each cache line contains one orways. First, there is a great increase in SP
more dynamic set predictors (SP). When asharing misses, discussed below, if the number
cache line is fetched, the corresponding SPof instructions per fetch is less than the number
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of instructions per SP. Figures 1 through 4 misseshappen because conditional branches
show that eight instructions per SP is always change between taken and not taken directions
much worse than four or fewer instructions per during execution. If only a single SP is used to

SP because

the UltraSPARC

is a four hold set history for a branch, changes in branch

instruction per fetch design. Second, largerdirection may cause a future set prediction
fetch sizes reduce SP miss rates because themniss. A design that has separatedmal SPs—
are more instructions in each fetch and fewerone for
set predictions are needed for a given numberdirections—can avoid this class of misses, but
indirect requires branch prediction information before
contributor to SP misses is a cache’s block size.set selection for the next fetcBharing misses
The UltraSPARC has a 32-byte cache block.are a major component of total set prediction
As the block size increases, there are fewermisses. Sharing misses occur when an SP is
blocks in a given sized cache which causes anshared between two or more instructions and
one of the earlier instructions is a branch. The

of

increase in conflict misses.

During a cache fill, SPs in the current cache
line are initialized to the current sefirst use
missesoccur when the initial set predictions
are wrong. The SP of the last cache line
leading to the missed fetch may be updated to
avoid a future miss. If a cache line has multiple
callers, each of the callers’ accesses may resul
in a first use miss. Table 4 shows that first use

instructions fetched. Another

misses decrease with larger cach&anch

each of

taken and not

taken

latter instruction may be the delay instruction
of the branch. For example, if the set of a
CALL target address is different from the set of
the sequential address, an SP can hold either,
but not both of them. Sharing misses also occur
when a fetched block has one or more entry
Points after a branch. A branch miss is a form
of sharing miss.

Predictive-2-way, single sp

cache 1 instr/sp 2 instr/sp 4-instr/sp 8 instr/sp
size brmiss + brmiss + brmiss + brmiss +
1st_use . 1st_use . 1st_use . 1st_use .
sharing sharing sharing sharing
gcc92
2KB 0.36% 64% | 0.20% 36% 0.32% 37% 0.54% 6F06 0.29% 1P%  1.21% 81% 0.11% 2% 7.16% 98%
4KB 0.34%56% | 0.27% 44%  0.30% 30% 0.69% 76  0.27% 1p%  1.52% 85% 0.10% 1% 8.51% 99%
8KB 0.28% 44% | 0.35% 5694 0.26%23% 0.85% 76  0.22% 11%  1.84% 89% 0.08% 1% 9.87% 99%
16KB | 0.16% 31% | 0.35% 69% 0.14% 13%  0.95% 84 0.13% 6% | 2.11% 94% | 0.05% 0% | 11.08% 100%6
32KB | 0.07% 18% | 0.32% 82% 0.06% 6% 0.96%94% 0.05% PR% 2.22% P8% 0.02% 0%  11.33% 100%
64KB | 0.04% 12% | 0.30% 88% 0.03% 3% 0.96%994% 0.02% (1%  2.24% P9% 0.00% 0%  11.25% 100%
gcc9s
2KB 0.26% 52% | 0.24% 48%  0.23% 20% 0.91% 806 0.21% 183%  1.46% 87% 0.10% 2%  4.85% 98%
4KB 0.26% 43% | 0.35% 57% 0.23% 17% 1.12%8F6 0.21% 11% 1.76% 89% 0.09% 2%  5.73% 98%
8KB 0.28% 39% | 0.43%61% 0.25% 16%  1.36% 84%  0.23% 10%  2.11% 90% 0.09% 1%  6.76% 99%
16KB | 0.26% 30% | 0.62% 70% 0.23% 12%  1.75% 84 0.22% 8% | 2.62% 92% | 0.08% 1% | 7.97% 999
32KB | 0.13% 14% | 0.77% 86% 0.12% 5% 2.16%99% 0.11% B% 3.23% P7% 0.04% 0%  9.00% 100%
64KB | 0.04% 6% | 0.63% 94% 0.03% 1% 2.10%99% 0.03% (1%  3.43% P9% 0.01% 0%  9.30% 100%

Table 4.Types of set prediction misses. The first percentage in each pair is the SP miss rate per instruction.
The second percentage is the portion of total SP misses for the miss type.



As cache size increases, total cache misse$.03 or 3% for a design with 1.00 original CPI.

decrease and conflict misses dominate overSimilarly, Figure 1 shows that a 0.7% higher

capacity and compulsory misses. Becausedirect-mapped cache miss rate in gcc95
mispredictions are irrelevant during cache increased the CPI by 0.02. A 2-cycle, 2-way

misses, set prediction miss rates increasedesign is worse than the others because of its
initially for small cache sizes as cache hits multi-cycle access. Table 5 also shows that the
increase. Despite these initial increases in setSPEC92Int and SPEC95Int CPI differences
prediction miss rates, Table5 shows that abetween a direct-mapped and a 2-way PSAC
PSAC with fewer than eight instructions per SP design are minimal because many programs fit
has a lower or comparable CPI than thein small, direct-mapped caches, and a PSAC
alternatives. When working sets fit in the larger offers little benefit in CPI reduction.

caches, set prediction miss rates drop as well. The UltraSPARC design could be improved by
The UltraSPARC design point, 16KB cache having one instruction per SP and, most
size, four instructions per SP, is highlighted in importantly, by reducing the instruction cache
Tables 4 and 5. Figure 1 shows that a 16KB miss cost. A one predictor per instruction
direct-mapped cache has only a 0.6% higherdesign would decrease set prediction miss cost
cache miss rate than a 2-way PSAC in gcc92,by 0.02 for SPEC92Int and 0.01 for
but the CPI, shown in Table 5, is increased by SPEC95Int.

Predictive-2-way, single sp Predictive-2-way, single sp
cache | Direct- | 2-way, |72 T m T arinstr | 8 instr | DFECt | 2WaY: T d T 2 instr/ | 4-instr/ | 8 instr/
size | mapped 2 cycles instr instr/ | 4-instr instr mapped 2 cycles instr instr/ | 4-instr instr

sp sp sp sp sp sp sp sp
gce92 SPEC92Int
2KB 0.67 0.87 0.64 0.64 0.65 0.71 0.33 0.4p 0.16 0.16 0.7 0]25
4KB 0.49 0.71 0.48 0.48 0.49 0.54 0.11 0.3p 0.08 0.08 0.10 0]20
8KB 0.34 0.53 0.30 0.30 0.31 0.39 0.07 0.28 0.43 0.04 0.p5 0|14
16KB 0.20 0.40 0.15 0.16( 0.17 0.26 0.04 0.27 0.02 0.03| 0.04 0.12
32KB 0.12 0.33 0.09 0.09 0.10 0.2( 0.02 0.2 0.92 0.02 004 011
64KB 0.08 0.30 0.06 0.06 0.08 0.11% 0.02 0.2 0.01 0.02 0.3 0{08
gcc9s SPEC95Int
2KB 0.84 1.02 0.79 0.80 0.81 0.84 0.34 0.97 0.832 0.32 0{32 Q.35
4KB 0.69 0.87 0.65 0.66 0.66 0.7¢ 0.24 0.54 0.20 0.p1 0f{22 Q.26
8KB 0.53 0.72 0.49 0.50 0.51 0.55 0.1p 0.41 0.10 010 011 Q.18

16KB 0.34 0.53 0.30 0.31| 0.32 0.37 0.06 0.34 0.05 0.0 0.06 0.12
32KB 0.18 0.38 0.15 0.16 0.17 0.23 0.0¢ 0.30 0.03 0J03 0,05 (.10
64KB 0.11 0.32 0.08 0.09 0.11 0.14 0.0 0.28 0.02 0)03 0.03 0.07

Table 5.Icache miss CPI costs. Miss costs are 8 cycles for Icache, 30 cycles for Ecache and 1 cycle for SP.

The 512KB unified Ecache miss rates are 0.11% and 0.06% for gcc92 and SPEC92Int, and 0.19% and
0.01% for gcc95 and SPEC95Int respectively.



1 instr/pred 2 instr/pred 4-instr/pred 8 instr/pred

direction + direction + direction + direction +
) 1st_use . 1st_use . 1st_use )
sharing - sharing - sharing - sharing

number of
PRED 1st_use

gce92
512 2.72% 68% 1.26% 32% 2.03% 59% 1.42% 4% 1.14% B6% 2.03%[64% 0.43% 11% 3.540% 89%
1024 2.03% 59% 1.42% 41% 1.23% 44% 1.57% 5% 0.53% P0% 2.12%/80% 0.20% 5% 3.60P6 95%
2048 1.23% 44% 1.57% 569 0.58% 26% | 1.67% 74% | 0.25% 10%| 2.17% 909 0.11% 3% 3.63% 97%
4096 0.58% 2699 1.67% 74% 0.28% 14% 1.71% 8% 0.14%|6% 2.19%|94% 0.04% 1% 3.65%6 99%
gcc9s
512 4.16% 75% 1.42% 25% 3.44% 68% 1.61% 3|2% 2.40% 50% 2.39%50% 1.05% 21%  3.98% 79%
1024 3.44% 68% 1.61% 32% 2.58% 59% 1.79% 4% 1.35% B4% 2.59%|66% 0.41% 9% 4.12P6 91%
2048 2.58% 59% 1.79% 419 1.46% 42% | 1.98% 58% | 0.54% 17%| 2.73% 839 0.13% 3% 4.20% 97%
4096 1.46% 42% 1.98% 58% 0.58% 21% 2.12% 7Pp% 0.17%|6% 2.79%|94% 0.01% 0% 4.20% 100%

Table 6.Breakdown of PRED misses by type for gcc. The first percentage in each pair is the PRED miss rate
per instruction. The second percentage is the portion of total PRED misses for the miss type.

5.2  Branch history: PRED field vs. BHT PRED miss types are shown in Table 6. During

The PRED and BHT results are based on single"’_l cache fill, PRED fields are |n|t_|aI|ze(_:i o
cycle access, predictive 2-way PRED and likely-not-taken s_tate_unless th_ere is a likely-
direct-mapped BHT with single level 2-bit t_aken_ software hlnt._ﬁhrs_t use mlssoccurs_thg
predictors and a four cycle miss penalty. The first time a PRED field is used and the initial
UltraSPARC 16KB instruction cache contains Prediction is wrong. First use misses decrease
2048 2-bit dynamic PRED fields, or one PRED With larger caches and can also be reduced by
field for every two instructions. The PRED Preserving history in the next level cache.
fields do not directly affect next instruction Direction missesoccur when a branch changes
fetches but are used by the PDU to determinedirection and constitute the majority of PRED
whether to update the NFA and SP fields when misses.Sharing missesoccur when a PRED
PRED misses occur. The breakdown of threefield is shared between two or more branches.

PRED PRED
# history
entries BHT | 1instr/ | 2 instr/ | 4-instr/ | 8instr/| BHT | 1instr/| 2 instr/ | 4-instr/ | 8 instr/
pred pred pred pred pred pred pred pred
gce92 SPEC92Int

512 0.12 0.16 0.14 0.13 0.14 0.09 0.18 0.11 0.11 017
1024 0.10 0.14 0.11 0.11 0.14 0.09 0.1p 0.09 0.10 016
2048 0.09 0.12 | 0.09 0.10 0.15 0.08 0.09| 0.08 0.10 0.16
4096 0.08 0.09 0.08 0.09 0.1 0.08 0.08 0.08 0.09 016
gcc9s SPEC95Int

Table 7.Branch history miss CPI costs: BHT vs. PRED.
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PRED PRED

# history

entries BHT | 1instr/ | 2instr/ | 4-instr/ | 8instr/| BHT | 1instr/ | 2 instr/ | 4-instr/ | 8 instr/
pred pred pred pred pred pred pred pred
512 0.17 0.22 0.20 0.19 0.2 0.0p 0.12 0.11 0{10 012

1024 0.14 0.20 0.17 0.16 0.19 0.0 0.11 0.09 0)08 0.12
2048 0.12 0.17| 0.14 0.13 0.17 0.06 0.09| 0.07 0.07 0.11
4096 0.10 0.14 0.11 0.12 0.11% 0.0p 0.97 0.06 0,07 0,10

Table 7.Branch history miss CPI costs: BHT vs. PRED.

Although fewer than 30% of all instructions are from four to two instructions per PRED as the
branches, some branches are clustered togethearumber of PREDs increases. With fewer
which results in sharing misses. PREDs, PRED misses are dominated by cache
misses; with more PREDs, direction and
sharing misses are the major component of the
PRED misses. Fifth, Table 7 shows that a

Several observations can be drawn from the
miss rates and CPI results shown in Figures 5

through 8, and Tables 6 and 7. First, as the | ) X . )
. o design with fewer than eight instructions per
number of predictors or cache size increases, e .
PRED has similar miss rates and CPI costs as a

PRED miss rates decrease because more brancléuHT but a PRED implementation uses less

history is maintained. Second, most SPARC area. The UltraSPARC design is at or near the
branches have a delay slot and the delay slot

rarely contains another branch instruction. TheOpt'mal'

delay slot is the reason for the negligible miss 52 1 Branch target address: NFA vs. BTB

rate differences between one instruction per

PRED with 2N predictors and two instructions In the absence of a branch misprediction, the
per PRED with N predictors. Third, BHT, with  PDU uses the NFA field in the current cache
2048 or fewer entries, has lower miss rates thanline for the next fetch without examining the
PRED because victimization of a BHT entry instruction types or branch direction history in
affects only one entry, but victimization of a the current cache line. Because the NFA is part
cache line may lose several PREDs. With moreof the instruction cache, next fetch address
than 2048 entries, the working set fits in the prediction does not lengthen the cycle time of
PRED as evidenced in the small first use missthe cache or the PDU. The NFA also enables
rates in Table 6. Fourth, the optimal design the PDU to follow one or more branches in the
point, the lowest point in each curve, shifts next fetch orl-cycle branch following which

num of NFA+ret_stack NFA+ret_stack
predictory BTB [ 1 instr/| 2 instr/ | 4-instr/ | 8instr/] BTB | 1instr/| 2 instr/] 4-instr/| 8 instr/
nfa nfa nfa nfa nfa nfa nfa nfa
gce92 SPEC92Int

Table 8. CPI costs for NFA and BTB misses. There are 1.8%, 1.3%, 1.8%, and 1.8% subroutine
returns per instruction in gcc92, SPEC92Int, gcc95 and SPEC95Int respectively. The return stack hit
rates are 92%, 95%, 93%, and 94% for gcc92, SPEC92Int, gcc95, and SPEC95Int, respectively.
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Miss per Instruction (%)

num of NFA+ret_stack NFA+ret_stack
predictord BTB [ 1 instr/| 2 instr/| 4-instr/ | 8inst/] BTB [ Linstr/| 2 instr/ | 4-instr/ | 8 instr/
nfa nfa nfa nfa nfa nfa nfa nfa
512 0.19 0.05 0.06 0.10 0.3 0.14 0.0p 0.03 0.10 0.B3
1024 0.16 0.05 0.06| 0.10 0.30 0.13 0.02 0.02| 0.10 0.33
2048 0.14 0.04 0.05 0.10 0.3( 0.12 0.0 0.2 0.10 0.33
4096 0.13 0.03 0.05 0.10 0.3( 0.12 0.01 0.92 0.10 0.33
gcc9s SPEC95Int
512 0.17 0.05 0.06 0.09 0.29 0.14 0.04 0.04 0.p6 0(29
1024 0.16 0.05 0.06| 0.09 0.29 0.14 0.04 0.04| 0.06 0.29
2048 0.16 0.04 0.05 0.09 0.3( 0.14 0.03 0.04 0,06 0[30
4096 0.16 0.04 0.05 0.10 0.31 0.14 0.03 0.04 0,06 030

Table 8. CPI costs for NFA and BTB misses. There are 1.8%, 1.3%, 1.8%, and 1.8% subroutine

returns per instruction in gcc92, SPEC92Int, gcc95 and SPEC95Int respectively. The return stack hit
rates are 92%, 95%, 93%, and 94% for gcc92, SPEC92Int, gcc95, and SPEC95Int, respectively.
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Figure 9. NFA and BTB miss rates (gcc92).
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Figure 10.NFA and BTB miss rates (SPEC92Int).

is crucial in wide-issue designs. An NFA
design does not have the cycle time and branch
following disadvantages of a BTB. The branch
following disadvantage may greatly degrade
the efficiency of a wide-issue instruction fetch

unit design with frequent back-to-back taken
branches.

Predicted NFAs are verified with either the
sequential address of an actually-not-taken
branch or the target address of an actually-
taken branch. If an NFA misprediction occurs,
the NFA is updated according to an update pol-
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occur when an NFA is shared between two or

6 . . more instructions and one of the -earlier
UltraSPARC design point instructions is a branch or the delay slot of a
5t branch.

] To improve target address prediction accuracy
512 BTB for subroutine returns, a BTB or an NFA may

512 \ ] be supplemented with a subroutine return
///’ NF, 1004 BTE address stack. There is a four-entry return
2F Y 1 address stack implemented in the UltraSPARC.

Miss per Instruction (%)
w

When a return instruction is fetched, the next

2048 BTB . .
I— 1 fetch based on the NFA is discarded. The PDU
4096 BTB .
refetches with the return address at the top of
01 2 4 8 the return stack. Refetching causes a one cycle
Instructions sharing a NFA penalty for subroutine return but improves the
Figure 11.NFA and BTB miss rates (gcc95). overall CPI.

The PRED and BHT results are based on single
cycle access, predictive 2-way NFA, and direct-
mapped BTB. Several observations can be
drawn from Figures 9 through 12 and Table 8.
First, NFA miss rates are dominated by sharing
misses; NFA sharing should be avoided.
Second, unlike PRED miss rates which
decrease with more PRED entries, the NFA
miss rates may increase with more NFA
entries, as shown near the UltraSPARC design
point in the figures. Despite higher NFA
misses, the combined CPI cost for a PRED and
i : an NFA decreases with more PRED and NFA
1 5 7 8 entries. The NFA misses caused by PRED

Instructions sharing a NFA misses are irrelevant and are not included in the
figures and Table 8. Third, miss rates increase
rapidly when the fetch size, four instructions
per fetch, is less than the number of
instructions per NFA.

UltraSPARC design point

Miss per Instruction (%)
w

>512 NFA

Figure 12.NFA and BTB miss rates (SPEC95Int).

icy and the corrected address is refetched
within two cycles. Updating an NFA only on
PRED misprediction and branch direction Table 8 shows the CPI impacts of NFA and
change yields the lowest NFA miss rates [17] BTB misses. An NFA is a better choice than a
and is assumed in this paper. There are threeBTB for the UltraSPARC design because a
types of NFA missesFirst use missesare = BTB design would have a two cycle taken
caused by initial predicted-not-taken but branch latency or else a longer cycle time. The
actually-taken branches. APRED miss NFA miss cost may be reduced for a given
happens when branch history is incorrect; asized cache at the expense of increased area if
PRED miss most likely leads to an NFA miss. there is less sharing between instructions. For
Misprediction penalties for these two NFA miss example, a design with one NFA field per
types are accounted for in the PRED miss costinstruction would have 0.05 and 0.08 lower CPI
and are not included in Table 8haring misses  costs for gcc92 and SPEC92Int, and 0.07 and
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0.08 lower CPI costs for gcc95 and SPEC95Int cache prediction design. The estimated area for
than the UltraSPARC design point, res- the SRAM array is 10.21 mfy total area

pectively. estimates including overhead for the entire ICP
design is 21.27 mA) which has an efficiency
6 Area Estimates factor of 48%. The actual area measured from

To evaluate the merits of architectural ideas in "€ layout is 22.3 mr The high correlation
a processor design, it is necessary to analyzé)etween the estimate and the layout shows that

the cycle time, cycle-per-instruction, and area the abov_e fo_rmula provides an accurate first
impacts together. In the early stage of the Order estimation of area cost.

UltraSPARC design, area estimates for many _ _ .
Table 9 illustrates area estimates for various

cache and branch prediction organizations were : e
obtained from the formula, area = possible PDU organizations of the UltraSPARC

num_SRAM_bits * u?rlper_bit | efficiency + design, assuming a 41-bit physical address and
random logic A 6-transistor SRAM cell, based @ 32-byte cache block size. The UltraSPARC
on the Texas Instrument 0.5um CMOS processdesign point is highlighted in Table 9. The area
used for UltraSPARC fabrication, is 63 dm required for the UltraSPARC PDU design, the
Efficiency factors for SRAM arrays are Ppredictive 2-way ICP, and its alternative are
provided to account for overhead such asestimated to be 21.27 nfmand 32.79 mrf
decoders, word line drivers, sense amps,respectively, or a 54% saving for the ICP design.
comparators, and other control logic. For Most of the savings in the in-cache prediction
example, excluding the Iclass field in Table 2, design are due to the sharing of existing decoder,
there are 162048 6-transistor SRAM cells in word lines, and tags in the cache array made
the UltraSPARC 16KB, predictive 2-way in- possible by the incorporation of the prediction

Direct- -
cache siz¢ Elrjtrc])(r:; t::rlg;? mapped+BHT+BTB Predictive-2-way ICH
entries | entries | 4 pits mn2 # bits mn2
2KB 256 128 31,424 4.3 20,094 2.8
4KB 512 256 62,208 8.55 40,256 5.51
8KB 1024 512 123,134 16.74 80,768  10.83
16KB 2048 1024 243,712 32.79 162,048 | 21.27
32KB 4096 2048 482,304 64.23 325,120 41.80
64KB 8192 4096 954,364 125.83 652,288 82.19

Table 9.Area estimates for direct-mapped, BHT and BTB vs. predictive 2-way ICP.

information in the instruction cache. Because the7 Conclusions and Future Work

contents in a .BHT and a BTB are predlctlons, it In the UltraSPARC PDU design, we examined
may be possible to eliminate their tags, at an . . -
a technique that combined two prediction

expense of higher CPI costs, to save area. methods: predictive set-associative cache and
in-cache prediction. This combination was
compared with alternative designs such as
direct-mapped and set-associative caches, and
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branch history table and branch target buffer. A predictive set-associative cache was a better
Two possible organizations for the UltraSPARC choice than a direct-mapped or a set-associative

PDU are shown in Table 10. They were chosenCache for the high clock rate design of
for three reasons. They both met the cycle timeY/"@SPARC. A PSAC is more effective when

. cache misses are dominated by conflict misses.
and area budget, and were the highest . . .

. The sharing of set predictors in a PSAC should
performance techniques known 1o the p 5ygided for any size cache. For example, the
UltraSPARC design team in 1991. We chose yjiraSPARC design could have a lower CPI if
the ICP design for its fast cycle time, lower there were one SP for each instruction. This

CPI and lower area costs. change would have negligible increase in area
ICP
direct-mapped cache, predictive 2-way cache,
b hl b h BHT, BTB, 2 instr/PRED, 4 instr/NFA,
cache| 2ranchy branc 4-entry return stack 4 instr/SP (single predictor),

history| target

. . 4-entry return stack
entries| entries

size

CPI cost CPI cost
mm2 mm2
gcc92 | SPEC92Int  gece9s SPECQE'Int gceP2 SPECH2Int gdc95 SPEC95Int
8KB | 1024 512] 16.74 0.63 0.30 0.84 0.34 10.83 0.52 0.24 0|77 0.p1
16KB | 2048 | 1024 32.79 0.45 0.25 0.62 0.2 21.27 | 0.36 0.22 0.55 0.18
32KB | 4096 | 2048 64.23 0.34 0.22 0.44 0.24 41.80 0.28 0.22 0}37 0.15

Table 10.Area estimates and CPI costs for ICP and an alternative.

and would not impact cycle time. We would support multi-branch following per cycle with

have incorporated this change if we had learnedno cycle time or area impact. In-cache
about its impact early in the UltraSPARC prediction is sensitive to sharing misses when a
design. next fetch address is shared between two or

Branch prediction is the focus of much micro- MOré instructions. The UltraSPARC design

architectural research today and most of theWould have lower CPI, at the expense of
efforts are concentrated on improving branch Increased area, if additional NFA fields were
history prediction accuracy, as in [15]. This @dded to minimize sharing misses.

alone is not adequate in optimizing a PDU , . , ,
design. Other factors that may impact PDU Results in this paper sh_ow that m_teractlons
performance are branch target prediction, takenP€tween cache size, sharing of predictors, and
branch latency, misprediction costs, and mostuPdate policy are complex. Further studies, in
importantly, cycle time of the design. We chose Particular with a larger set of programs, are
the in-cache prediction technique to perform needed to better understand their interactions,
branch prediction in the UltraSPARC design. to improve prediction accuracy, and to reduce
This technique offers high accuracy in history miss penalty. It will also be an interesting and
and target address prediction, no branchpossibly rewarding exercise to apply multi-
following latency, and fast cycle time. level and collating schemes to the integrated
Moreover, in-cache prediction can directly prediction techniques.
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Advances in process technology offer more commenting on early drafts of this paper.
transistors on an integrated circuit and enableSpecial thanks go to Dave Patterson who has
higher clock speed. As the transistor budgetdone an unenviable job of reading and
increases, a microprocessor may incorporate aommenting on many early drafts.

second level cache on the same die. To meet_. )

the faster cycle time, the first level cache size Finally, the author would like to thank Sun
may be reduced. A smaller cache size has avlicrosystems Laboratories and Sun Micro-
negative impact on both the PSAC and the ICP €l€ctronics for their support.
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