View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UPCommons. Portal del coneixement obert de la UPC

Widening Resources: A Cost-effective Technique for Aggressive ILP Architectures

David Lépez, Josep Llosa, Mateo Valero and Eduard Ayguadé

Departament d’Arquitectura de Computadors. Universitat Politécnica de Catalunya.
Campus Nord Modul D6, Jordi Girona 1-3, 08034 Barcelona, SPAIN.
{ david | josepll | mateo | eduard }@ac.upc.es

Abstract cycle time and wider instruction issue units that allow the

The inherent instruction-level parallelism (ILP) of Simultaneous execution of several instructions per cycle.
current applications (specially those based on floating As the number of transistors on a single chip continues to
point computations) has driven hardware designers andgrow, more hardware can be accommodated on a chip. It is
compilers writers to investigate aggressive techniques forimportant to think of new processor organizations to take
exploiting program parallelism at the lowest level. To advantage of the additional transistors that will be
execute more operations per cycle, many processors ar@vailable in the near future.
designed with growing degrees of resource replication Very Long Instruction Word (VLIW) architectures are
(buses and functional units). However, the high cost inoriented to the exploitation of ILP. In a VLIW architecture,
terms of area and cycle time of this technique precludesan instruction is composed of a number of operations that
the use of high degrees of replication. An alternative toare issued simultaneously to the functional units (i.e. the
resource replication is resource widening, that has also scheduling is performed at compile time so the dispatch

been used in some recent designs, in which the width ophase is very simple). Although there exists a few number
the resources is increased. of commercial VLIW machines, these architectures have

In this paper we evaluate a broad set of design been the subject of research in the last few years and will
alternatives that combine both replication and widening. pProbably constitute the core of future designs [17].
For each alternative we perform an estimation of the ILP ~ The static nature of VLIW schedulings require good
limits (including the impact of spill code for several compilation techniques to effectively exploit the ILP
register file configurations) and the cost in terms of area available in real programs. Software pipelining [9] is a
and access time of the register file. We also perform acompilation technique that extracts ILP for the innermost
technological projection for the next 10 years in order to loops by overlapping the execution of several consecutive
foresee the possible implementable alternatives. From thigterations. In a software pipelined loop, the number of
study we conclude that if the cost is taken into accountcycles between the initiation of successive iterations
the best performance is obtained when combining certain(termed Initiation Interval) is bounded either by the
degrees of replication and widening in the hardware recurrences in the dependence graph or by the resource

resources. The results have been obtained from a largeconstrains of the target architecture [5, 20, 21].
number of inner |oops from numerical programs The performance of Ioops bounded by resources can be

scheduled for VLIW architectures. improved by increasing the number of resources available
in an architecture réplication techniqug Using this
technique we increase the number of operations that can
be simultaneously executed over independent data. As an

1. Introduction alternative to replication, the width of the resources can be
increased widening technique[1l, 12]). Using this

The architectural models implemented in current technique the same Operation can be performed over

high-performance microprocessors are based uponmyltiple data. Both techniques can be combined in the

hardware and software techniques to exploit the inherenggme processor design.

instruction-level parallelism (ILP) of the applications.  The use of replication and widening allow us to have a

These models make use of deeper pipelines that reduce thalable architecture in which we can add hardware to
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increase the number of operations performed per cycle.
Although replication has been extensively used in the %ij
design of superscalar processors, only small degrees of @

widening have been applied to buses in some of them : :
(IBM POWER?2 [25]), and floating point units (FPU) in | Register Rngi:Ztef Register
vector processors (NEC SX-3 [24]) and multimedia File File
processors (AltiVec [18]).

This paper focuses on a cost-conscious evaluation of a
broad range of VLIW processor designs in which several
degrees of replication and widening are combined. For
each configuration we evaluate the ILP achievable in the a) b) c)
execution of a set of numerical programs. In order to
perform a fair comparison of the different alternatives, it is Figure 1: Several configurations: a) base
mandatory to study the hardware costs for each configuration with 1 bus and 1 fpu. b) The same
configuration in terms of area and cycle time. These costsconfiguration after applying replication (i.e. 2
forces us to view the performance from a different buses and 2 fpus) and c) the base configuration
perspective after applying widening (i.e. 1 bus and 1 fpu,

The area cost defines those configurations that could beboth of width 2). Notice that the register file has
implemented in the next microprocessor generations,been also widened.
according to the predictions of tBemiconductor Industry
Association[23]. For each generation we estimate the 2, Replication and widening: the techniques
performance of a set of implementable configurationsgnd their implications
taking into account the number of cycles required to
execute the programs and the cycle time. From this study In order to increase the number of operations performed
we conclude that, for a given technology, the bestper cycle, the resources of the processor must be
performance is obtained when replication and wideningincreased. In this section we describe two possible
are appropriately combined. techniques: replication and widening. Replication consists

All the evaluations have been performed for VLIW of increasing the number of resources by adding more
architectures and numerical programs. Our workbench isindependent functional units; widening consists of
composed of 1180 loops that account for 78% of theincreasing the number of operations that a single
execution time of the Perfect Club [3]. The loops have functional unit can perform per cycle.
been obtained using the experimental tool Ictineo [2] and Figure 1 shows the use of replication and widening,
software pipelined usingdypernode Reduction Modulo both for buses and FPUs. Figure la shows a basic
Scheduling[15,16], a register pressure sensitive heuristic processor configuration with a single bidirectional bus and
that achieves near optimal schedules. Register allocatiom single FPU. In this case we can perform one memory
has been performed using the wands-only strategy and thaccess and one operation per cycle. In order to issue two
end-fit with adjacency ordering [22]. When a loop requires memory accesses and two operations per cycle, one could
more than the available number of registers, spill code isadd another bus and another FR&plicatior), as shown
added and the loop is rescheduled [14]. in Figure 1b. An alternative could be to duplicate the

The organization of the paper is as follows: Section 2width of the bus, the register file and the FRdéning
describes the replication and widening techniques andas shown in Figure 1c. In this case, two consecutive words
outlines the advantages and drawbacks of both. Section 1 memory could be accessed and stored in a single
presents a study of the ILP achievable by both techniquesiegister (of width 2), and one operation could be
first we study the peak performance for a broad set ofperformed over registers of width 2. Replication is more
configurations (i.e. the performance assuming a perfeciersatile than widening: while replication can access to
schedule and an infinite register file), and then thetwo independent words in memory or perform two
performance degradation due to the spill code added byndependent operations per cycle, widening requires that
the compiler when a limited register file is used. Section 4the operations areompactablg[12] in order to perform
describes the models used to estimate the area and cyci@o operations in the same functional unit. For instance,
time cost of a configuration; these models are used intwo independent memory accesses with a stride different
Section 5 to estimate the performance of thethan one can be scheduled in the same cycle in a
configurations under different technology limits. Finally, configuration with 2 buses; a configuration with a simple
Section 6 summarizes the main conclusions of this work. wide bus should schedule the two accesses in two different

h
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cycles unless stride 1 appears. However replication has, in
general, higher costs:

* Buses: widening affects the data bus, but not the

control and address buses. On the other hand,
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replication increases all the buses between the register <y g

file and the first-level cache, so it requires more ports 1ew1,"' 2 iy 2206
in the cache memory (multiported caches require % AT g awe 4

more area and have more access time [8]). Also, 4208

widening requires the same number of address 5 Mf ana 1w - 11324 20O 410128
translations, while replication requires more addresses -

translated per cycle (this affects the number of ports 4??,:’,'%4';{
of the TLB, causing an increase in cycle time and die )
area of the TLB [1])

* Register file (RF): in our proposal widening is applied
to the buses, the FPUs and the register file. Every ) ] )
register in the RF increases its width in bits, but they Figure 2: Speed-up for different configurations
have the same number of ports per bit. Applying XWY-
replication increases the number of ports per bit. Both
techniques increase the RF area and cycle time, buB8.1 Maximum ILP achievable
increasing the number of ports per bit has a higher
cost than increasing the number of bits per register, as 1he parallelism exploitable from a loop is bounded
we show in Section 4. both by the number of operations that have to be

« FPUs: both techniques require almost the samebPerformed and by the recurrences of its dependence graph.
hardware at the FPU level, because we need toFOr a processor configuration, loops can be classified into
perform the same number of operations per cycle. resource-bound loops or recurrence-bound loops. A

From the point of view of code generation, widening resource-bound loop is a loop whose performance is

can reduce the total number of instructions (a single widelimited by the resources available. A recurrence-bound

operation is the result of compacting multiple operations).!00p is a loop whose performance is limited by the

This reduction of the code size can reduce the miss rate ofecurrences so. Therefore, this type of loop will have the

the instruction cache and further improve performance. ~Same performance even with infinite resources.
Figure 2 shows the maximum performance achievable

using the described techniques under optimal conditions:
_ _ _ _ perfect scheduling, register file of infinite size and perfect
In this section we study the maximum ILP achievable memory. From these plots, several conclusions can be

ZV\i]‘-‘iWZ
=101
x1

T T
x2 x4 x8 x16 x32 x64 x128

3. Limits on ILP

under optimal conditions and show the effect of the size ofdrawn:

the register file. A baseline configuration, composed of 1
bus and 2 FPUs, all of width 1 (configuration narhed)

is considered. This configuration has the following
characteristics: a store is served in 1 cycle; division and
square root are not pipelined and require 19 and 27 cycles,
respectively; the rest of the operations (load, add,...) are
fully pipelined and require 4 cycles to be executed. In this
study we increase the maximum number of operations
performed per cycle by factors of 2, 4, 8, 16, 32, 64 and
128 using replication, widening or a combination of the
two. The resulting configurations are labelled<asy. An
XwY configuration has X buses and 2*X FPUsll of
them of width Y, and a register file in which every register
has a width of Y words.

1.Preliminary studies show that a relation of 2 FPUs for each bus is the
most balanced configuration. Also, we have based the cost
calculations on the MIPS R10000, which can issue 2 floating point and
1 memory operation per cycle.

« Configurations based on replication (i.e. configurations
Xw1l, upper plot in Figure 2) show a progressive
performance degradation. This is because aggressive
configurations can easily convert resource-bound
loops into recurrence-bound loops, and these loops
can not benefit by an increase in resources.

« Configurations based on widening (i.e. configurations
1wY lower plot in Figure 2) show even more
performance degradation due to non-compactable
operations. For instance, in a 1w8 configuration,
either 8 compactable operations or 1 hon-compactable
operation can be issued per cycle; therefore, the
presence of non-compactable operations introduces an
enormous penalty on these configurations.

« Some of the intermediate configurations (i.e.
configurations where replication and widening
technigues are combined) also report good
performance. For example, the behaviour of the 2wY
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configurations saturates in the same way as the 1wY 607
configurations, but the saturation point is close to a
speed-up of 8 instead of 5. Also, the Xw2
configurations have performances very close to the 504
Xwl configurations.

3.2 The effects of spill code on performance 2 40 on

T o64

Increasing the number of operations that can be gr - Dgg
=]

performed per cycle (by using either replication or 30
widening) can reduce the Initiation Interval (I) of a loop.
Regretfully, reducing the Il can increase the register
requirements [13]. If the registers required to schedule a 20
loop on an architecture exceed the number of physical
registers, spill code must be introduced in order to free
some registers [14]. However, spill code increases the
memory traffic and can result in an increase of the Il, with
the associated performance degradation. Figure 3: Performance/cost trade-off taking spill
When widening is applied, we have also a wide register code into account for some configurations XwY
file (i.e. in a XwY configuration, all registers are of Y with FPUs latency=4. Baseline: configuration
words wide; in our case 64 bits times Y). For instance, a 1wl with a 256-RF.
32-RF 4wl configuration can access to 32 registers of
width 1 (i.e. 64 bits) while a 32-RF 4w2 can access to 32 The additional RF capacity of a configuration where
registers of width 2 (i.e. 128 bits). Notice that if we widening has been applied reduces the need for spill code.
schedule a loop with compactable operations in a 4w2For example the 8wl configuration has a theoretical
configuration, these operations produce 2 results that ar@erformance greater than the 4w2 configuration, but figure
stored in a single wide register, so we have an additionaB shows that the configuration 4w2 with 64-RF has a
storage capacity; however, if the loop scheduled in theperformance greater than the 8wl 64-RF configuration,
4w?2 configuration has no compactable operations, we daand the same happens with a 128-RF. Only with a 256-RF
not benefit from this additional capacity. does the 8wl have better performance than 4w2. Looking
Figure 3 shows the performance when spill code isat the results, we can conclude that the additional capacity
taken into account. For each configuration, the loops haveof the register file obtained when the widening technique
been scheduled assuming 32-, 64-, 128- and 256-RF an{$ used, has an important impact on the final performance.

adding spill code when necess]ar)ﬁ\lotice that the . . .

configuration 8wl does not have the 32-RF bar. This is4' Design considerations
because a 8wl configuration can produce 24 results per
cycle (8 memory + 16 FPU), and we consider a 4-cycle4'1 Area cost

latency configuration. In this case, the register pressure is T estimate the area cost, we take into account the SIA

so high, that the scheduler fails to produce a valid schedul&sgmiconductor Industry Associatignedictions [23] for
with the available registers. This is the reason why we doy,q technology sizeA] and the chip size in order to
not present, with this latency model, configurations with a

factor higher than 8.

The results show that when the configurations becom
more aggressive, the need for spill code increases,
reducing the performance. For example, configuration
4w2 has a performance of 2.25 (with 32-RF), 3.28 A (um) 025| 018/ 013 019 007
(64-RF), 4.39 (128-RF) and 4.76 (256-RF), while the 1w2 Size (mnf) 300 | 360 | 430| 520 620
configuration achieves almost its maximum performance A2 per chip (x16)|| 4800 | 11111 25448 52000 126580

with a 64-RF.
A2/ mm?(x10°%) || 16 | 30.86| 59.17 100/ 204.0B

Table 1: Semiconductor Industry Association
1.The baseline is a configuration 1wl with a RF of 256 register file (SIA) predictions in 1994

because it does not require spill code, so it is similar to the baseline of
Figure 2 (1wl with an infinite RF).

10- =
2wl w2 4wl 2w2 w4 8wl 4w2 2wd  Iw8

compute the number ok? per chip for the next five
egenerations (Table 1).

1998 | 2001| 2004 2007 201d
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We have estimated the area of a general purpose
floating point unit (FPU) using the MIPS R210000
processor as a reference. The R10000 processor FPL
includes a multiplier, an adder and a divider. We consider — [° /W MW 1 _
these components as the basic components of a generi 10004z ----=-------=---f-------- fil & i
purpose FPU. With a 0.26m technology, the R10000 Il T

FPU requires 12 mfrof area [19]. So we assume the area

of a FPU as 12 mfx 16x10 A2mn? = 192x16 A2,

The overall size of a register file is determined mainly
by the size of a register cell. The other components that are
needed to access the register file typically represent les:
than 5% of the area required by the register cells [10].

To access the register cell of a multiported RF, each
port requires one transistor, a select line and a data line. Ir
addition, a write port requires a second access transistol o | AR LA LA AR LA
and a data line. The area of the register cell grows Wl 2wl w2 4wl 2w2 Twh Swl 4w2 2w4 w8 16wl 8w2 dwd 2w8 1wi6
approximately as the square of the number of ports addec configuration
because each port forces the cell to increase both the . . ; .
height and the width. Each additional port (read or write) Figure 4: Area cost (register file plus FPUS)
adds one select line to the height of the cell. With respect

to the width, each additional read port requires another Figure 4 summarizes the area cost of the different

data line and another access transistor, and each additiongpnﬂ%urt\;vat'ons ;%S(;ed' V(;/ez?;/sumfe tthhat ';.'S reasor;ablttahto
write port requires two data lines and two access J5¢ Detween o an o ot the chip area for the

transistors [7, 10, 11]. Table 2 shows the dimensions Ofﬂ;]nCt'OHbaI tuhnlt? ang the rte?lsterdflle. Thfese Ilmhltsfatrhe
several multiported register cells. shown by the Tive horizontal bands, one for-each ot the

SIA predictions (notice that the vertical axis has

0.10

5

0.13 |

| 256
@128
o 64
o032

area* 10" 6*lambda® 2

Ports 1R, 1W 2R, 1W 5R, 3W 10R, §W 20R, 12W logarithmic scale).

W SOKAL GAAT 162x81 316x145 SGBxI57 _ The area cost forces us to view the perfqrmance from a

Area %) || 2050 | 2624| 13127 45820 14597p different perspecnve: For example, Wlth a Q.10

Relative 1 178 67 5535 151 technology we can build a 8wl configuration with 128-RF
but not with 256-RF. The same technology allows us to

Table 2: Dimensions of several multiported build a 4w2 configuration with 256-RF, which has better

register cells. performance than 8wl 128-RF (see Figure 3). The reader

can find a more detailed study of the area requirements of

these techniques in [11].
To illustrate the cost difference between replication and

widening, Table 3 shows the area cost of configurations4.2 The register file access time

4wl, 2w2 and 1w4 for a 64-RF. Each configuration

requires 2 read plus 1 write port per FPU and 1 read plus 1 A multiported register file follows the scheme shown in
write port per bus, so configuration 1w4 (2 FPUs and 1 figure 5. The access time model used in this paper is based
bus, all of width 4) requires 5R+3W ports. Doubling the 0N an adaptation proposed [6] for the register file of the
replication degree doubles the port requirements. NoticecCACTI memory model [26]. In the model, the access time

that these 3 configurations have the same area cost due ff the register file is assumed to be governed by the read

perform 4 floating point operations per cycle). » Decoder time: time to decode the register being
accessed and select its wordline. This time depends
Configurarl o Area of one Bits per Total RF mainly on the number of registers available.
tion memory cell §2)| register| area §?) » Wordline time: is the time required to drive the select
4wl ||20R+12W 145976 64 | 508x10 line. It depends on the length of the line (that depends
w2 TORI6W 25820 128 | 37510 on the siz_e in bits of every register and on the width of
every register cell).
w4 || SR+3W 13122 256 | 215x10 « Bitline time: is the time delay between the wordline
Table 3: RF area cost for some configurations. going high and the sense amplifier being able to detect
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Figure 5: Multiported register file structure 1 2 4 8

the state of the cell. This delay depends mainly on the  Figure 6: Behaviour of the RF area and

height of the cell and on the number of registers. cycle time of a 8wl 64-RF configuration
e Sense time: is the time delay through the sense with RF partitioning in 1, 2, 4 and 8 blocks.
amplifier.
« Qutdrive time: is the time required to drive the read registers (32, 64, 128 and 256), the width of every register
data onto the internal bus to the ALU. (64 bits times the width degree) and the size of the register
 Precharge time: is the time to precharge the bitlines,cell. In order to consider the access time independent of
comparators and internal decoder bus. the technology used, all times have been normalized with

To summarize, the access time is governed by therespect to the time of the 1wl 32-RF configuration.
number of registers, the width of every register and the To reduce the access time, a register file can be
size of every register cell (which depends on the numbepartitioned into several RF, maintaining copies of all the
of read and write ports). Table 4 shows the relative accesslata [4]. For example, the RF of a configuration 8wl can
time for different configurations varying the number of be implemented on a single RF where each cell requires 40
read plus 24 write ports (8R+8W for the 8 buses and

Configuratior] Register file 32R+16W for the 16 FPUs). This RF can be also
32 64 128 256 implemented by two identical copies, where all functional
1wl 1 1.05 1.18 1.34 units can write in both copies of the RF, but only 4 buses
oWl 1.49 154 1.70 187 and 8 FPUZ ;ead ea;}ch copyﬁI]rj this case, 2.0R+24W pforr:s
are required for each copy. This means an increase of the
w2 1.10 115 1.29 145 RF die area, but the access time has been reduced. The
4wl 244 | 251 | 269| 290 configuration 8wl can be partitioned in 1, 2, 4 or 8 blocks,
2w2 1.65 1.72 1.87 2.06 having the relative area increase and cycle time decrease
w4 1.22 1.27 1.43 1.60 shown in Figure 6. Notice that the behaviour of area
8wl 432 441 461 4.87 growth is exponential while the decreasing of the access
w2 275 282 3.00 3.23 time Is !ogarlthmlc. A small part|t|pn|ng, like a
2-partitioning has a slight increase in area and an
2w 1.85 1.92 2.09 2.29 important decrease in access time.
1w8 1.39 1.45 1.62 1.80
16wl 8.04 | 815| 839| 872 4.3 Code size
w2 489 4.99 520 548 In a VLIW architecture, the instruction word has
4w4 310 | 318| 3.38| 361 several atomic instructions (load, add,...). Using widening,
2w8 2.12 2.20 2.38 2.60 one atomic instruction must specify several basic
1wl6 1.68 1.75 1.93 2.14 operations. For example, configuration 4wl requires an
Table 4: Relative register file access time glztru:?tlon W.Oid long t('a noughht$ f'.t4 mimorytgccezsszestﬁnd
(baseline: 1wl 32-RF) oating point operations, while in configuration 2w2, the

instruction word must fit up to 2 memory accesses and 4
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Configu-| 32 registers 64 registers 128 registers 256 register
ration 21 4] 8|16 2] 4 8 16 1 2 4 8 16 L P B 8
Iwl
2wl
1w?2
4wl
2w2
1w4
8wl
aw?2
2w4
8wl
16wl
8w2
4w4
2w8
1w1b6
Table 5: Implementable configurations with a technology of 0.25 ( 0), 0.18 (O), 0.13 (O), 0.10 (O)
and 0.07 (e). The white cell means that this RF partitioning is not applicable to this
configuration. Symbol [ means not implementable with any of the considered technologies.
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floating point operations (but in the best case, both can®. Performance/cost trade-offs under a
perform the same number of basic operations). So théechnology limit
instruction length required by configuration 4wl is 2 times
the length required by configuration 2w2 and 4 times the In this section we present a study of the best
length required by configuration 1w4. However, configurations for some technology generations
configuration 2w2 can require more instructions to considered. The methodology used is the following: we
perform a |00p than Conﬁguration 4wl because it is |essﬁrst select the configurations that can be implemented for
versatile. each technology according to the SIA predictions and the
Figure 7 shows a comparison between the code size offea models in section 4. For each implementable
different configurations that have the same peakconfiguration XwY(Z:n) (i.e. X buses and 2*X FPUs, all
performance. This is an extra advantage of the wideningof width Y, with a RF of Z registers of width Y, partitioned

technique even though it does not affect our study becaus# N-blocks) we calculate its cycle time, assuming that the
we consider a perfect memory. cycle time is the RF cycle time. We adapt the latency of

the FPUs to match this cycle time and we perform the

scheduling to find the cycles requitedThe cycles
required to execute all the loops times the cycle time give
us the final performance.

5.1 Implementable configurations for a given
technology

We consider that a configuration is implementable, for a
given technology, if the area cost of the FPUs and the
register file is smaller than 20% of the total chip area
available (see table 1). We have calculated the area for 32-,
64-, 128- and 256-RF, with all possible partitions. Table 5
shows the implementable configurations for each
technology generation. A generation can implement all the
2wl wz o Awl 2wz lwa 8wl w2 2wd 1w configurations implementable by the previous generation
plus the new ones listed in the table.

Figure 7: relative code size comparison

1.The cycles required are calculated as the cycles per iteration
(Initiation Interval) times the number of iterations performed in the
original loop execution.
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Figure 8: effects of a) increasing the number of registers in the RF b) replication, c) widening and
d) different ways to implement a configuration with a peak performance of 8. All areas are in millions
of A2,

5.2 The floating-point units latency 5.3 Performance evaluation

Each FPU requires an amount of time to perform one In this section we first discuss the individual effects of
operation; its latency in cycles depends on the processosome parameters on the configurations evaluated. After
cycle time. This is important because it determines thethis discussion, we show the best configurations for each
scheduling of the loops. For this reason, we propose taechnological limit. In all cases, we use a fixed timing
compare configurations adapting the latency of the FPUanodel based on technology parameters\f.25. We do
to the processor cycle time. The 4 cycle models we havenot attempt to factor-in reductions in cycle time due to

tested are listed in table 6. future technology generations.
i Figure 8a shows the performance/cost ratio when we
cycle mode cycles of operations increase the number of registers available in the register
store +,*, load div sqrt file, for configuration 1wl. This configuration has
Z-cycles 1 4 19 27 neg!igible need fo'r spill code when a 64 (or bigger) RF is
available, so an increase of the RF does not affect the
3-cycles 1 3 15 21 cycles required, but increases the RF cycle time. For this
2-cycles 1 2 10 14 reason, the performance of RFs greater than 64 registers
1-cycle 1 1 5 7 declines.

Figure 8b shows the performance/cost ratio when only
replication is applied. Notice that a small degree of
replication produces good performance (better than
widening when we must schedule loops with

We assumed the 4-cycles model for configuration 1w1.non-compactable operations). However, configurations
Each configuration considered can be classified into awith a high degree of replication can become
cycle model depending on its relative (from the 1wl unimplementable (they occupy more than 20% of the total
configuration) cycle time. A configuration with a relative chip area) or suffer a decrease in performance because a
cycle time Tc belongs to the z-cycles model, wheresmall increase in IPC (instructions per cycle) is
z=@/Tc For example, the 2w4(32:1) configuration has a counteracted with a high increase of cycle time (like
relative cycle time of 1.85 (i.e. 3-cycles model) while configuration 8wl in Figure 8b).
2w4(128:1) configuration has a relative cycle time of 2.09 On the other hand, Figure 8c shows the
(i.e. 2-cycles model); and 2w4(128:2) configuration has aperformance/cost ratio when only the widening technique
relative cycle time of 1.80 (i.e. 3-cycles model). is applied. A small degree of widening produces an
increase in the area cost and cycle time that is smaller than
what was noted with the replication technique. Also, the

Table 6: Cycles/operation for the cycle models
tested. Operations div and sqrt are not pipelined,
other operations are fully pipelined.
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Figure 9: Top five configurations for technology a) 0.25, b) 0.18, c) 0.13, d) 0.10 and e) 0.07.
In all cases, the possible increment of the clock speed has not been taken into account

increase of storage capacity due to applying the widening We have proposed to combine replication and widening
technique to the register file reduces the need for spillin the design of VLIW processors. We applied widening to
code, resulting in a good performance ratio. Neverthelessthe floating-point functional units, the register file and the
there is a point at which the increment in IPC is so smallbuses between the register file and the first-level data
that performance degrades due to increases in cycle timeache. We have presented a study of the ILP limits of each
(like configuration 1w8 in figure 8c). configuration in optimal conditions, concluding that
We conclude that combining a small degree of applying only the replication technique offers the best
replication and widening can result in the best theoretical performance. However, when a limited register
performance. This point can be observed in Figure 8dfile is used the increase of storage capacity due to wider
which shows several configurations with the same peakregisters can reduce the need for spill code. The results
performance. show that this additional capacity has an important impact
Figure 9 shows, for each technology, the five on the final performance (e.g. with a 128-RF, configuration
configurations that achieve the best performance. In eacldw2 achieves better performance than configuration 8wl,
plot of Figure 9, none of the most aggressive whereas the latter has the best theoretical performance).
configurations are in the top-five configurations due to Taking into account that the replication technique is

their high cost. more expensive than the widening technique in terms of
) area cost and cycle time, we have estimated the cost of the
6. Conclusions configurations considered. We compare the performance

. ) L ) of the configurations that can be built in the next processor

The inherent ILP of numerical applications requires an ;aonarations (according to the SIA predictions). The
increase in the number of operations that can be performeaerformance has been calculated using the register file
per _cycl_e. Two alte_rnati_ves have be_en studied in this PaPereycle time. To perform a realistic comparison, the RF
replication and widening, for which we have done a cycie time has been reduced using the RF partitioning

performance/cost study. The results have been Obtame?echnique and the FPUs latency has been adapted to the
using a large number of software pipelined loops from thecycle time.
Perfect Club benchmarks assuming a VLIW architecture.
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From this study we conclude that, for a given [11] D. Lépez, J. Llosa, M. Valero and E. Ayguadé. Resource
technology, the best performance is obtained when widening vs. replication: Limits and performance-cost
combining a small degree of replication and widening in ~ trade-off. InProc. of the ICS-12p 441-448. July 1998.
the hardware resources. For example, a 4w2 configuration;2] p. Lépez, M. Valero, J. Llosa and E. Ayguadé. Increasing
with a 128-RF offers a speed-up of 1.66 with respectto @  memory bandwidth with wide buses: Compiler, hardware
8wl configuration with a 128-RF, and occupies only 81% and performance trade-off. Rroc. of the 11th. Int. conf. on
of the area. Supercomputing (ICS-11pp 12-19. July 1997.

[13] J. Llosa, E. Ayguadé and M. Valero. Quantitative evaluation
of register pressure on software pipelined loopstinJour.
of Parallel Programmingvol. 26 n. 2 pp. 121-142. 1998

Acknowledgements

The authors would like to thank the anonymous
reviewers for their fruitful comments that undoubtedly [14] J. Llosa, M. Valero and E. Ayguadé. Heuristics for
have contributed to improve the quality of this paper. This  Register-Constrained Software Pipelining.Rroc. of the
work has been supported by the Ministry of Education of ~ MICRO-29 pp. 250-261, Dec 1996.

Spain under contracts TIC 429/95 and TIC 98-0511, by[15] J. Llosa, M. Valero, E. Ayguadé and A. Gonzélez.
CEPBA (European Center for Parallelism of Barcelona), Hypernode Reduction Modulo Scheduling.Rroc. of the
and by ESPRIT LTR Project No 24942 (MHAOTEU). MICRO-28 pp 350-360, 1995.

[16] J. Llosa, M. Valero, E. Ayguadé and A. Gonzalez. Modulo
Scheduling with reduced register pressurelHBE Trans.
on Computersvol. 47 n. 6 pp 625-638, June 1998.

References

[1] T.M. Austin and G.S. Sohi. High-bandwidth address

translation for multiple-issue processors. Rroc. of the  [17] Microprocessor Report vol 11, no. 14tel HP make EPIC
ISCA-23pp 158-167. May 1996. disclosure October 1997.

[2] E. Ayguadé, C. Barrado, A. Gonzalez, J. Labarta, J. Llosa, [18] Microprocessor Report vol 12, no. BltiVec vectorizes
D. Lépez, S. Moreno, D. Padua, F. Reig, Q. Riera and M. PowerPC May 1998.
Valero. Ictineo: A tool for Instruction-Level Parallelism ]
ResearchRes. Rep. UPC-DAC-1996-61. December 1996. [19] K. Olukotun, B.A. Nayfeh, L. Hammond, K. Wilson and K.
Chang. The Case for a Single-Chip MultiprocessoPrbr.
[3] M. Berry, D. Chen, P. Koss and D. Kuckhe Perfect Club of the ASPLOS-V|pp 2-11, October 1996.
benchmarks: Effective performance evaluation of ) ] )
supercomputersTech. Rep. 827, CSRD, U. of lllinois at [20] B-R. Rau. lterative modulo scheduling: An algorithm for
Urbana-Champaign, November 1988. software pipelining loops. IRroc. MICRO-27 pp. 63-74,
November 1994.
[4] A. Capitanio, N. Dutt and A. Nicolau. Partitioned register ] )
files for VLIWs: A preliminary analysis of tradeoffs. In [21] B.R. Rau and C.D. Glaeser. Some scheduling techniques

Proc. of the MICRO-25pp 292-300, 1992. and an easily schedulable horizontal architecture for high
N performance scientific computing. Rroc. of the 14th Ann.
[5] J.C. Dehnert and R.A. Towle. Compiling for Cydra 5. In Microprogramming Workshqgpp. 183-197, October 1981.

Journal of Supercomputing(1/2):181-227, 1993. ] ] ]
[22] B.R. Rau, M. Lee, P. Tirumalai, and P Schlansker. Register

[6] Keith I. FarkasMemory-System Design Considerations for allocation for software pipelined loops. Rroc. of the
Dynamically-Scheduled MicroprocessoRhD thesis, Dep. PLDI-92, pp. 283-299, June 1992.

of Elec. and Comp. Eng., U. of Toronto, 1997. ) o )
) _ ~ [23] Semiconductor  Industry  Association. The National
[7] R. Jolly. A 9-ns 1.4 gigabyte 17-ported CMOS register file. Technology Roadmap for Semiconductors. Semicond. Ind.
IEEE Journal of Solid-State Circuity. 25(10):1407-1412, Assoc. , San Jose, California 1994.
October 1991.
[24] T. Watanabe. The NEC SX-3 supercomputer system. In
[8] T. Juan, J.J. Navarro and O. Temam. Data caches for CompCon9pp. 303-308, 1991

superscalar processors. Rioc. of the ICS-11pp 60-67.

July 1997. [25] S.W.White and S. Dhawan. POWER2: Next Generation of
the RISC System/6000 famil\BM J. Res. Develof28 (5),
[9] M. Lam. Software pipelining: An effective scheduling 493-502. September 1994.
technique for VLIW machines. IRroc. of the PLDI-88pp.
318-328, June 1988. [26] S.J.E. Wilton and N.P. Jouppi. CACTI: An enhanced cache
access and cycle time modH#EE Journal of Solid-State
[10] Corinna  G. Lee. Code Optimizers and Register Circuits, Vol. 31(5):677-688, May 1996.

Organizations for Vector ArchitectureBh. D. Thesis. U. of
California at Berkeley. May, 1992.

0-8186-8609-X/98 $10.00 (c) 1998 IEEE



