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Abstract

VLIW architectures use very wide instruction words in
conjunction with high bandwidthto the instruction cache to
achieve multipleinstructionissue. Thisreport usesthe TIN-
KER experimental testbed to examine instruction fetch and
instruction cache mechanismsfor VLIWs. A compressed in-
struction encoding for VLIWsisdefined, and a classification
scheme for i-fetch hardware for such an encoding is intro-
duced. Several interesting cache and i-fetch organizations
are described and evaluated through trace-driven simula-
tions. A new i-fetch mechanism using a silo cache is found
to have the best performance.

1. Introduction

VLIW architectures use very wide instruction words to
achieve multipleinstruction issue. These architectures re-
quirehigh bandwidthinstructionfetch (i-fetch) mechanisms
to transport instruction words from the cache to the exe-
cution pipeine. The complexity of the hardware support
required for i-fetch isrelated to the type of instruction en-
codingused. Ingenerd, VLIW instructionsare horizontally
encoded wide words that issue an operation on every clock
cycletofunctiona units(FUs) inthemachine. The sequence
of instruction wordsthat compose aprogram isthe schedule
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for the program. The instruction words can be encoded in
several ways, and the choice of encoding can grestly influ-
ence the hardware required for i-fetch. A VLIW with an
uncompressed encoding is one that explicitly stores NOP
operations in the instruction word. The VLIW instruction
storesa NOP in the operation slot for aparticular FU if this
FU is not scheduled to execute an operation at that pointin
the schedule. Use of an uncompressed encoding yields a
fixed length instructionword, which can simplify thei-fetch
hardware but at the expense of the potentially poor memory
utilization.

Another class of encodings are compressed encodings,
which do not store NOPs. VLIW instructions encoded us-
ing a compressed encoding are variably sized. The size
of an instruction is dependent on the number of FUs that
will receive an operation at that point in the schedule. This
typeof encoding has ahigher memory utilizationand allows
greater effective memory bandwidth than an uncompressed
encoding. A compressed encoding a so aids in object—code
compatibility for VLIWS, such asinthe dynamic reschedul-
ing algorithmthat has been proposed inthe TINKER VLIW
testbed [9]. A drawback is that such an encoding requires
more complicated i-fetch to handle the variable length in-
structions.

This paper focuses on the requirements of i-fetch im-
posed by a compressed encoding. Several mechanisms for
i-fetch are presented, and the effect of each mechanism on
instruction cache (i-cache) designisdescribed. The paper is
organized as follows. Section 2 introduces a basic instruc-
tion fetch mechanism and details the implementation of a
compressed encoding; previouswork inthe areaisaso dis-
cussed. Section 3 presents ascheme for classifyingi-caches
for acompressed encoding and introducesfour different or-
ganizations. the uncompressed cache, the banked cache, the



rigid silo cache, and the flexible silo cache. Sections 4.1-
4.3 describe each of thei-cache designsin detail, including
their respective performance. Section 6 discusses the per-
formance of the designs and also discusses directions for
future research.

2. A Basic Instruction Fetch M odéel

2.1. Instruction Fetch with a Compressed Encoding
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Figure 1. The basic instruction fetch model.
All of the necessary stages for i-fetch for a compressed
encoding are shown.

A simplified instruction fetch model for compressed en-
codingsisshownin Figurel. Thesolid lower bordersinthe
diagram indicate pipeline latches that delineate the stages
of the fetch pipeline. The main blocks in this model are
the miss-repair logic, the pipdined instruction cache, and
the expander, which is discussed below. The miss-repair
logic handles cache miss repair requests, and could be im-
plemented as a pipdined interface to the next level in the
memory hierarchy. Insidetheinstruction cache, each cache
block holds one or more VLIW instructions. Thisis depen-
dent on theinstruction fetch mechanism and is explained in
depth in Section 3. The cache is pipelined and consists of
a“ block fetch” stage that selects and fetches a cache block
when presented with an address, and a“ tag compare & valid
select” stage that performstag comparisonsin parallel with
selecting the Ops in the block that belong to the requested
VLIW instruction.

A compressed instruction encoding using the TINKER
VLIW experimental testbed is used for this study [8]. The
compressed encoding combinesindividual operations (Ops)
that can be issued in parald into a unit of parallel issue
called a MultiOp. A TINKER Op is a RISC-like instruc-
tion that is 64 bitsin length. A TINKER Op can execute
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Figure 2. An integer add Op in the TINKER
encoding.

on one of four types of functiona units (FUType): inte-
ger (integer computation and predicate handling), memory
(loads and stores), FP (floating point add/mul/div/convert)
and branch. An example of a TINKER integer add Op is
shownin Figure 2. The TINKER encoding uses header and
tail bitswithin an Op to delineate the beginning and end of a
MultiOpi.e,, thefirst Op in aMultiOp hasits header bit set,
and thelast Op ina MultiOp has itstail bit set. The branch
architectureis compiler-directed, similar to that of the Play-
Doh specification from Hewlett Packard Laboratories [16].
For an issue machine (TINKER-r), the maximum MultiOp
sizeisn * 64 bits. A maximum-sized MultiOp contains an
Op for each functional unit in the machine.
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Figure 3. Object code compatibility using an
uncompressed encoding.

The size of the code changes when it is rescheduled for a
different machine organization.

A useful property of compressed encodingsisreschedul -
ing size invariance (RS). RSl means that the size of a pro-
gram does not vary across different generations of a VLIW
architecture. Figure 3 shows that when using an uncom-
pressed (non-RSI) encoding the size of an executableimage
can change. A change in code size can cause problems,



such as branch target invalidation and constrained specula-
tion [9]. A solution to the code size change problem is to
use a RSI encoding like TINKER. The result of using the
TINKER encoding to reschedule the code of Figure 3 is
shown in Figure 4. Manipulation of the header and tail bits
and the pause fieldsisthe only requirement for modification
of the schedul e to execute correctly on different generations
of an architecture'.
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Figure 4. Object code compatibility using the
TINKER compressed encoding.

The size of the binary remains the same. The pausefield for
the first MultiOp is incremented by one, and the MultiOp
originally consisting of OpsE and F has been madeintotwo
MultiOps.

Althoughacompressed encoding has several advantages,
it also requires acomplex i-fetch mechanism. Onestep of i-
fetch is NextPC generation, during which a PC is generated
for the subsequent i-cache access. NextPC generation for
an uncompressed encoding consists of adding a constant
(the size of the fixed instruction) to the PC and using the
new quantity (NextPC) to address the i-cache in the next
cycle. Architectures that use variable length instructions
have to first determine the length of the current instruction
being fetched to determine what quantity to add to the PC
to get NextPC. Another step of i-fetch is to determine how
individual Ops in a MultiOp should be routed to FUs. For
an uncompressed encoding, the FU is fixed by the position
of the Op in the MultiOp, but this is not the case for a
compressed encoding. A TINKER Op containsan FUT field
indicating for what FUType it is destined. An Op destined
for aparticular FUType can reside anywhere in a MultiOp,
depending on the other types of Ops in the same MultiOp.
This is intrinsic to a compressed encoding, and requires
that Ops must be partially decoded and then routed to the
appropriate functional unit. For example, if the instruction
issue logic expects only integer Opsin Op positiononein a
MultiOp, and a one Op MultiOp is composed of a floating

1Ingeneral, therelative Op ordering may also changewithoutill effects,
although this is not demonstrated in this example.

point Op, the Op must be routed to the floating point unit
and not the integer unit. The expander stage performs this
routing by routing al Opsin one MultiOp in parallel. An
expander should have the functionality of a full crossbar;
that is, route any type of Op to any FU (this requirement
can be relaxed somewhat if the compiler enforces a partial
ordering of Ops based on FUType).

An expander can be placed either on the cache hit path
or the cache miss path as shown in Figure 1. A miss path
expander isused only when acache missoccursand operates
as follows: (1) AsaMultiOp isfetched from memory, it is
placed into the expander. (2) When the entire MultiOp
has been received, the expander routes the Ops to specific
positionsin the cache, as selected by the miss address (i.e,
the cache holds Ops in specific positions corresponding to
their FUTypes).

Miss path expansion adds extrastagesto the miss penalty.
The number of extra stagesis equa to the number of stages
needed for expansion. In contrast, a hit path expander is
used on every cache access. After a MultiOp has been
fetched from the cache, it is processed by the expander
for Op-to-functional-unit routing. The expander is not on
the cache miss path and therefore does not affect the miss
penalty. However, the number of cycles needed for expan-
sionisnow inthefetch path and therefore addsto the branch
misprediction penalty. For this reason, hit path expansion
should be performed in one cycle, requiring a complex and
potentialy costly implementation to meet the single cycle
congtraint.

2.2. Related Work

Other classes of encodings can aso be used for VLIW
architectures. The 4S architecture proposed by Sun Mi-
crosystems used a frame encoding which grouped MultiOps
into instruction frames. An instruction frame is the same
size as the i-fetch width of the machine. A frame encoding
supports variable size instructions but enforces the restric-
tionthat all OpsinaMultiOp must reside in the same frame
to ease the requirements on thei-fetch mechanism [3]. This
requires NOPs, thereby violating RSI. The Cydrome Cydra
5 VLIW machine used a split encoding such that instruction
cache blockswere composed of either oneMultiOp or multi-
pleone Op MultiOpscaled UniOps[20], [5]. Cache blocks
composed of oneMultiOp arein an uncompressed form, and
those composed of UniOpsare padded with NOPs, if needed
for cache block alignment. Itisalso non-RS|. Another com-
mercial VLIW architecture, the Multiflow TRACE family
of machines, used a compressed encoding [17]. Nops were
not stored in instruction words in memory. Instructions
were expanded as they were fetched from memory into the
instruction cache (TRACE machines used cache miss ex-
pansion).



Much of therelated work ininstructionfetch mechanisms
has concentrated on superscalar or CISC architectures, es-
pecialy inthearenaof x86 architectures. Pett, et al., studied
the use of thefill buffer and a decoded instruction cache to
break down CISC instructions into microoperations which
can then be efficiently scheduled using dynamic scheduling
hardware [18]. Smotherman and Franklin adapted the fill
unit and decoded instruction cache for use in decoding x86
instructions [23]. Their design associates a NextPC field
with each cache block. The Intel Pentium Pro processor
employs a multi-stage i-fetch that fetches 16 bytes per cy-
cle from the i-cache and then uses three stages to align the
instructions [19]. NextPC is PC+16 in the absence of a
branch instruction. The AMD K5 stores decode informa:
tion related to instruction length in the L1 instruction cache
which is later used for NextPC computation in the i-fetch
stage[7]. Likethe Pentium Pro, the K5 uses multiple stages
to fetch and align an x86 instruction stream. An x86 pro-
cessor design from NexGen uses a different approach for
NextPC generation. It has dedicated logic that performsin-
struction alignment at fetch time to compute NextPC [11].
In the arena of RISC architectures, the CRISP processor
used a decoded instruction cache [10]. CRISP instructions
were converted from their in-memory format of 16-80 bits
to a 192 bit expanded form in the i-cache. Each expanded
instruction occupied a cache block by itself and had as-
sociated with it a NextPC field. The effect of encoding
instructionsin a compressed manner was studied by Wolfe
and Chanin [24]. Their Compressed Code RISC Processor
was designed to conserve memory bandwidth and did so
by storing instructionsin a compressed format in memory
and decompressing them into theinstruction cache at cache
miss time. The R1 SPARC processor from HaL performs
limited decoding between memory and theL 1 i-cacheto aid
in decoding during i-fetch [21].

3. A Classification for VLIW [-Caches

VLIW cache organi zations can be cl assified based on two
factors, the degree of partitioning (DoP) and the NOPs pol-
icy of the cache. The DoP describes the number of indepen-
dent memory units (partitions) that are used to implement
the cache and the placement of Opsinto those memory units
(anindependent memory unitisatag and dataarray that can
be searched in parallel with other independent memories).
A traditiona cache is a cache with one partition: al Ops
can be stored at any location within the entire cache and
only one tag or set of tagsis searched®. An aternative is
a cache that uses multiple partitions, such that an Op maps
intoaparticular partitionbased onitsFUType. Asdescribed
in Section 2.1, the TINKER encoding uses four FUTypes:

2Set associativity permits parallel tag compares, but this is orthogonal
to partitioning, asis shownin Section 4.3.

integer (1), floating point (F), memory (M) and branch (B).
A cache organizationthat assigns each FUTypeto aseparate
partitionisrepresented as(1) (F) (M) (B) andislabeled fully
partitioned (using this notation, a unified partition cache —
atraditional cache — isrepresented as (I F M B)). Between
the extremes of the unified partition and fully partitioned
designs areflexible designsthat permit multiple FUTypesto
reside in a partition. For example, a design that alowsin-
teger and floating point Ops to share a partition and assigns
other FUTypesto their own partitionsisrepresented as (1 F)
(M) (B).

In implementation, a fully partitioned cache for a
TINKER-n machine has n partitions, where every parti-
tionisthe same size. A flexible partitioned cache combines
the partitions for the sharing FUTypes and is the same size
overal as afully partitioned cache. Also, aflexible design
allows the sharing FUTypes to reside at arbitrary locations
within the combined partition.

The second factor for classification is whether the cache
explicitly contains NOPs (a NOP cache) or not (a NOPs-
free cache). The MultiOps held in a NOP cache are in
uncompressed form, whereas in a NOPs-free cache they are
in compressed form. The NOPs policy of acacheisclosely
tied to the placement of the expander in i-cache pipeline
(thisis explained further in Section 4).

IALU FPADD FPMUL PRED LD sT BR

Pipeline
Latency

Figure 5. The TINKER-8 machine model.

Table 1. Benchmarks used for evaluation.

| Benchmark Programs |

Integer Floating point
085.gcc 039.waveb
124.m88ksim | 048.ora
129.compress | 052.alvinn
130.li 056.ear
134.perl 089.su2cor
147 vortex 090.hydro2d

A permutation of the DoP and NOPs policies yields a
widevariety of cache configurations. Inthispaper, four rep-
resentative organizations are explored. The uncompressed
cache has a DoP = (I F M B) (al Ops are stored in one
partition), and a NOP policy. The banked cache has a



DoP = (I F M B), and uses a NOPs-free policy. The silo
cache hasaDoP = (1) (F) (M) (B) (fully partitioned), and a
NOP policy. Lastly, theflexible silo cache uses acombined
partition for two FUTypes and separate partitions for the
remaining two FUTypes, and a NOP policy. The four de-
signsare assumed to have the same cycle time. Trace driven
simulations were used to evauate the performance of the
schemes. The IMPACT compiler employing superblock-
based scheduling was used to compile benchmark programs
using the TINKER compressed encoding for the TINKER-8
machine organization [13]. The functional unit configura:
tion and pipelinelatencies are shown in Figure 5, with each
functional unit pipelinedto the depthindicated. A pipelined
L1 cache/memory interface with a three cycle latency and
a one Op bandwidth was assumed (the three cycle latency
waschosen asitissimilar tothe L2 latency in contemporary
microprocessors[19], [6]). A perfect L1 datacache and L2
cache was assumed to prevent data cache effects from col-
oring the performance measurements. Integer and floating
point programs from the SPEC92 and SPEC95 suiteswere
used as benchmarks for the evaluations and are listed in
Table 13. Two million Ops were sampled across the entire
program for each simulation run.

4. Instruction Fetch Mechanisms
4.1. |-Fetch using the Uncompressed Cache

Figure 6 shows the organization of the uncompressed
cache. The cache block size is the same as the machine
width. A miss path expander is used with the cache miss-
repair mechanism (atwo cycle expander is assumed). The
branch misprediction penalty isone cycle.

A modified direct mapped addressing scheme is used for
the uncompressed cache. An example illustrates why tra-
ditiona direct-mapped addressing (bit selection) cannot be
used. Assume a TINKER-4 machine with a 32 KB i-cache
that uses 32 bit addresses. Consider the two MultiOps in
Figure 7, shown as they would appear in memory. All Ops
inthefirst MultiOp are marked “A”, and those in the second
MultiOp are marked “B”. MultiOp A has 2 Ops, whileMul-
tiOp B has asingle Op. Assume that A does not contain a
branch Op. If the cache were addressed as a normal direct-
mapped cache, with the physical addresses of MultiOps A
and B as 0x80000000 and 0x80000080, respectively, both
would have the same tag and index, and hence map onto the
same cache block (depictedin Figure 8(a)). For asequential
access pattern, a conflict miss is generated for the second
MultiOp access i.e., for B. Not only do MultiOps A and B
create contention for a cache block, but because their tags

SResults presented for floating point programs are lower than normal
dueto the lack of software pipelining of those programs.
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Figure 6. The uncompressed cache.
A two cycle miss path expander is used to place Ops into
positionswithin a cache block. A length field is associated
with every cache block.

are identical it cannot be determined which one is resident
in the cache.

Memory Memory Cache
Addresses Contents Addresses
: MultiOp A:
x80000000 A }A $ Tag = 8000
Index = 000
x80000100
MultiOp B:
Tag = 8000

Index = 000

Figure 7. A traditional address mapping for
the uncompressed cache.

One way to differentiate between such sequential Opsis
to use some of the offset bits as part of the index. Figure
8(b) depicts how the cache interprets the address when us-
ing such a scheme. This offset reduced addressing maps
each individual MultiOp from a memory block frameinto a
separate cache block. Associativity is not required because
the possibility of sequentia MultiOps mapping to the same
cache block is eliminated.

The uncompressed cache holds the MultiOp in uncom-
pressed form, hence the valid select logic and the hit path
expander that were shown as a stage in the basic model
(Figure 1) are unnecessary. NextPC computation still needs
to be performed. The fetch hardware must add the length
of the current MultiOp to the PC to generate the NextPC.
Computation of the length can be performed at run-time,
after the block containing the MultiOp is fetched out of the
cache matrix. But this places the NextPC computation after
the block fetch, adding sequential computation at the end of
fetch cycle and possibly increasing the cycle time. To avoid
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(a) Traditional ‘ tag index off. 000000 ‘

14 bits 10 bits 2 bits

(b) Offset reduced ‘ tag index 000000 ‘

16 bits 10 bits

Figure 8. Interpreting a cache address —
(a) traditional scheme, (b) reduced offset
scheme.

thissituation, aMultiOp length field can be associated with
every cache block. Thelength field can be accessed in par-
alel with thetag and data, and the addition of the length to
the PC can be done before the beginning of thetag compare
stage.

m Perfect ICache
B Uncompressed cache, 16 KB

O Uncompressed cache, 32 KB

Integer Floating Point
Benchmarks

Figure 9. Performance of the uncompressed
cache.

The metric used in useful Ops completed per cycle (OPC).
Each individual bar represents the harmonic mean for the
combination of cache size and benchmark programs.

The graph in Figure 9 presents the results of simulations
for the performance of the uncompressed cache as compared
to a perfect i-cache (a cache that never misses). The metric
used here —and for al simulationsin thisreport —is useful
Ops completed per cycle (OPC). OPC is used because it
captures the effect of i-cache performance on overall per-
formance. The results are grouped based on cache size and
thetype of benchmarks. The uncompressed cache performs
very poorly when compared to a perfect i-cache. Although
increasing the cache sizefrom 16 KB to 32 KB yields better
performance, the resulting OPCs are still much smaller than
the perfect cache. For the integer benchmarks, increasing

the cache size yields 22% better performance but is still
more than five times slower than a perfect i-cache. For the
floating point benchmarks, thelarger cache performed 19%
better but is still four times slower than the perfect i-cache.
The reason for thisisthe extremely low space utilization of
the uncompressed design. The maximum OPC of < 2 for
the perfect cache indicates that only two out of eight words
in a cache block are typicaly used. A possible solution to
thisis a design that can place more than one MultiOp in a
cache block, and thisis explored in the next section.

4.2. |1-Fetch using the Banked Cache

Figure 10 shows the organization of the instruction fetch
mechanism when using a banked cache. The cache is or-
ganized as two data and tag arrays, as in the Intel Pentium
processor [2]. The cache block size is the same as the ma-
chinewidth . A MultiOp can span two cache blocks. For
this reason, on every clock cycle, two cache blocks are ac-
cessed: the block in which the requested MultiOp could
reside (the current block) and the next sequentia block (the
successor block). Incontrast to the uncompressed cache, the
expander is on the cache hit path and adds an extra stage to
the processor pipeline. The extra stage increases the branch
mi sprediction penalty to two cycles.

Offsets Offsets

Bank
: T Bank ags
bits v ags  Bank 0 bits v Bank 1

I A EEE

e [[T]
Swap plocks ITI | uuu i
[

]
decoder

(maybe).
Tag extP!
compare.

NextP!
generation.

Scan Op hdr & tail
bits, pick out MOP.

512 bits wide

Expander

Figure 10. The banked cache.
A fetch for MultiOp Cisshown. Blocksfrombothbanksare
fetched and then swapped (if needed) before being passed
to the single-cycle expander. NextPC computation is per-
formed in parallel with cache access.

Addressing in the banked cache is similar to a traditional
cache. The high order bits of the address are used as a tag,
and themiddlebitsare used as anindex. Because aMultiOp
is variable length and does not always begin on a n-word
boundary in memory, thelow order bitsare used as an offset
toindex tothestart of theMultiOpinthe cache block. When
a PC is presented to address the cache, the cache address
decoder selects consecutive blocksin both cache banks.



The fetch mechanism is shown in Figure 10 with an
example fetch operation. The first three Ops of MultiOp C
occupy the last three Ops of the cache block in bank one,
and the last two Ops of C occupy the first two Ops of the
next cache block in bank zero. The PC is the address of the
first Op of C at the beginning of fetch cycle. There arethree
sequential stepsrequired to fetch MultiOp C. These are aso
shown in Figure 10 and detailed below.

1. Thecurrent block containing thefirst three Opsand the
successor block containing the fourth and fifth Ops are
requested from the cache.

2. For correct alignment of the MultiOp, the fetch hard-
ware must know where the last Op of MultiOp C lies
inthe successor cache block. To dothis, it searches for
the tail bit of the last Op in C. This information per-
mitsthe cache fetch stage to perform correct alignment
by swapping the two MultiOp fragments. Note that a
banking factor of two facilitates such an exchange.

3. The header bits for al Ops in the blocks are scanned
to determine the Ops belonging to MultiOp C, starting
from thelocation of the first Op in the requested Mul-
tiOp. Valid select lines are then enabled to pass only
the requested Ops to the expander stage.

While fetching the current MultiOp, NextPC must also
be computed. In the absence of an Op that changes the
control flow of the program, thisis be accomplished by us-
ing extra bits to store offset information for MultiOps in
the cache. Details of the hardware are pictured in Figure
11. An offset field and a bank bit are maintained for every
Op in a cache block. The offset field indicates the offset
within the cache block of the next MultiOp, and the bank
bit indicates if the next MultiOp resides in the same bank
as the current MultiOp or in the next bank. The values for
thesefieldsare set as Opsare received in the cache-memory
interface a cache miss time. (The complete algorithm for
NextPC computation is available in a technical report [4].)
Offset fields and bank bits can also be used in a two-way
Set associative design, in tandem with way prediction tech-
niques[15]. Theuseof dedicated storagewithinthecacheto
aidin NextPC computationis similar to the use of successor
indicesinitialy proposed by Johnson [14] and implemented
intheAMD K5[7], althoughthat schemeisfor an unbanked
cache. For aTINKER-n banked cache, log, n offset bitsper
word (Op) are needed, plus avalid bit and a bank bit. For
a 32 KB direct-mapped configuration, the total size of the
cache (tag and data arrays) is increased by approximately
8% over that of atraditional cache.

Figure 12 presents the results for simulations of the
banked cache compared against a perfect i-cache. The
banked design performs at least an order of magnitude bet-
ter than the uncompressed design. The greater utilization

Assume cache block shown has low order index bits of ‘01".

Multiop Offset Fields

‘ A ‘ A ‘ A | e | B ‘c ‘c ‘c ‘ ‘mu‘ooun‘0000|1101l0000‘1010|0000‘oocc‘

Bank Bits

PC Bank bits Offset field

1| 010|
3

' !

Figure 11. NextPC computation for the
banked cache.

A cache access for MultiOp C isshown. The offset field for
Cisplaced into the appropriate positionsand the bank bit is
added to the remaining high order bitsto form a new index
and tag.

of the data storage area by the banked design offsets the
greater branch misprediction penalty. The performance is
till lower than the perfect cache, by as much as 25%. Some
of this penalty may be due to overfetching an entire cache
block when only a portion of the block is requested. This
hypothesisistested in the next section.

4.2.1. Sub-blockingin the banked cache

A variant of the banked cache is to use sub-blocking [22].
Sub-blocking partitions each cache block into smaller units
(sub-blocks). Sub-blocking usualy increases the miss ra
tio of a cache but reduces the amount of memory traffic as
each sub-block inablock can beindependently filled and re-
placed. For missrepair with sub-blocking, Opsareretrieved
starting from the address of the beginning of the MultiOp,
not the address of the beginning of the cache block, as is
done without sub-blocking (this is called block fetching).
The advantage is reduction of the time for miss repair, at
the expense of asmall increase in the missratio because in-
structions preceding the requested instruction are not filled
in the cache block. When a miss occurs, the length of the
missing MultiOp is not known. Unless the miss occurs on
acache block boundary, enough memory fetches are gener-
ated tofill to theend of the successor block (thisisrequired
because a MultiOp can span two blocks). If the MultiOp
residesentirely withinthecurrent block, the successor block
isnot filled. A valid bit is associated with each sub-block
and is set when the sub-block isfilled (sub-block vaid bits
for al preceding Opsin the current block are unset). Offset
fields and bank bits can be used for NextPC computation.
Prefetching can be used in a sub-blocked banked cache.
Block fetching performs implicit prefetching: as the re-
guested MultiOpisloaded intothe cache, fragmentsof other
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Figure 12. Performance of the banked cache.
The metric used is useful Ops completed per cycle (OPC).
Each individual bar represents the harmonic mean for the
combination of cache size and benchmarks programs.

MultiOpsthat residein the same block(s) are also loaded. A
sub-blocked cache can employ aform of prefetching termed
load forwarding [12]. Load forwarding for an instruction
cache consists of fetching the sub-block in which the re-
guested MultiOp X lies and all subsequent sub-blocks to
the end of the cache block.

A banked i-cache with aone Op sub-block size wassim-
ulated and the results are presented in Figure 12. The per-
formance of the sub-blocked design was very benchmark
dependent. Sub-blocking was very effective for the inte-
ger programs, outperforming the non-sub-blocked design
by 9% and 45% for 16 KB and 32 KB sizes, respectively.
For the floating point benchmarks, the performance was
dightly lower than that of the non-sub-blocked design. Ex-
amining the behavior of the programs revea ed the reasons
for the differences in performance. The integer programs
have many branches that branch to the latter half of a cache
block. When such a branch causes a cache miss, only the
latter half of the block and the next block arefilled. Contrast
thiswith a block fetch design in which both blocksin their
entirety arefetched. Thefill timefor the sub-blocked design
is potentialy up to almost 50% less. For the floating point
programs, the total number of stall cycles due to i-cache
misses were dightly higher. Much of the code involved
backward branches that branched to the beginning of cache
blocks. Although the latter part of the block had been filled
during an earlier demand request, the beginning words had
not. Contrast thiswith the block fetch design in which the
entire block is filled when a miss occurs. The sub-blocked
designs therefore generated memory requests in situations
where the block fetch designs did not.

4.3. |-Fetch using the Silo Cache

The silo cache is organized as a series of partitions or
silos, where each silo holds Ops for a particular FU or set
of FUs, as shown in Figure 13. The DoP can range from
aunified partition to one-FUType-per-partition. Each entry
in a silo can hold one Op, and has associated with it a tag
and and a length field and a valid bit for NextPC compu-
tation. The silos can be organized in a direct-mapped or
Set-associ ative manner. When set-associativity is used, not
only are the silos independently searched, but within each
silo, paralld tag compares are performed among the sets.

4.3.1. TheRigid Silo Cache

The rigid silo cache is pictured in Figure 13. The cache
block size is the same as the machine width. The design
uses amiss path expander (two cycle expansion isassumed).
The branch misprediction pendty is onecycle.

‘ From memory

| Expander ]

' PESEE .

ST for Silo for Silo for Silo for
INT/CMPP FP.- LD/ST. BR
Length : "
field Tags Data . .
K\ A Ay
{ 1101|TAG| B 0000 1104 TAG| B 0000 }

[ Tag compare. NextPC computation. l

Execution ’ ' ' '
Units

Figure 13. Instruction fetch for the rigid silo
cache.

Each silo is searched independently on each cycle. Each
silo holds Ops destined for only one FUType. A two cycle
expander between the cache and lower levels of memory
routes Opsto their appropriate silo.

Aswith the uncompressed cache, in asilo cache sequen-
tial MultiOpsof asize less than the machine width can map
into the same cache block and cause conflict misses if the
address is interpreted in a traditional manner, as shown in
Figure 8(a). For thisreason, the silo cache uses the offset—
reduced scheme to interpret the address (see Section 4.1).
The index bits are used to address the silos and map to the
same location in each silo. Tag comparisons for al silos
aredonein parallel. A hitissignaed by atag match and a
valid length field, similar to the banked cache (as shown for
MultiOp B in Figure 13, the tags and length bitsfor all Ops
in MultiOp are identical). For a cache hit, the Ops for the



MultiOp are directed to the functional units associated with
their specific silos. The silos can be organized in a direct—
mapped or set—associative manner. LRU replacement is
used for set—associative silos.

A missoccurs when either none of thetagsin any of silos
match or a tag match occurs but the length is invalid. A
fetch for the missing MultiOp is then initiated to the next
level of the memory hierarchy. After the MultiOp has been
fetched into the cache-memory interface, it is expanded,
and each Op is routed to an appropriate silo. Vaues for
the length fields are computed in paralel with expansion.
For each silo that receives an Op, the corresponding tag and
lengthfieldsare updated. A situation can occur where some
but not al of the Opsfor a MultiOp are replaced during a
cache fill. The Opsthat are not replaced need to be flagged
to indicate that the entire “parent” MultiOp is not present.
This is accomplished by searching for al Ops that have
the same tags as the Ops being replaced, and un-setting the
length valid bits for those Ops. The next cache access for
the partialy displaced MultiOp resultsin a miss, dueto the
un-set length valid bits.

Duringacachefill, if aparticular silo doesnot have an Op
routed to it by the expander, the Op position corresponding
tothefill addressinthat siloisleft empty. Inthisrespect, the
silo cache uses a NOP policy. However, severa MultiOps
can reside at the same address across dl silos, which is
a hybrid between the NOP and NOPs-free policies. To
understand this, note that each silois addressed individually
and perform placements/replacements with some degree of
autonomy. As shown in Figure 13, MultiOp B consists of
a integer/compare-to-predicate Op and a memory Op. It
does not place Opsinto the silosfor floating point or branch
operations, and in fact these silos are currently empty as
indicated by their valid bits. If aMultiOp X, containingonly
a single floating point operation, maps to the same cache
location, it can be placed into the floating point silo and can
update the tag and length fields for the proper location in
that silo. MultiOpsB and X can coexist at the same address
acrossthesilos.

The silo cache has a tag for every Op that is stored in
the cache, in contrast to the uncompressed cache and the
banked cache, all of which use a tag for a cache block.
The tag storage requirements for a silo cache are obviously
higher. However, the data array for a silo cache need not
holdal of the bitsinaOp. Header and tail bitsand the FUT
field (see Figure 2) are no longer needed. For a TINKER-8
machine, a 32 KB silo cache requires approximately 10 KB
(or 30%) more storage than atraditional cache.

Performance resultsfor therigid silo cache are shown in
Figure 14. Even at low degrees of associativity (direct-
mapped and two-way), the silo cache outperforms the
banked cache by 6-18%. For the integer programs, higher
degrees of associativity reduces the number of conflict
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Figure 14. Performance of therigid silo cache.

The metric used is useful Ops completed per cycle (OPC).
Each individual bar represents the harmonic mean for the
combination of cache size and benchmarks programs.

misses and yields further improvements.

4.3.2. TheFlexible Silo Cache

The performance of a silo cache is dependent on the FU-
Type distribution in the workload. A program that does not
contain any Ops mapping to asilo does not utilizethat silo
at all. In effect, the program sees a smdler i-cache, and the
silos that are not used starve. For example, this behavior
could occur in an integer-intensive application that starves
the floating point silos. If the 1-FUType-to-1-silo require-
ment is relaxed so that complimentary types of Ops (those
that typicaly do not execute together) are allowed to share
a silo, the starvation problem might be eased. For exam-
ple, if floating point and integer operationsare placed in the
same silo—an (I F) (M) (B) partitioning—the silo would be
well utilized by programs that are floating point or integer
intensive as well as by programs that have a mix of both
typesof Ops. A small hit-path expander isrequired to route
Ops from the silo to the appropriate functiona units. This
isin addition to the miss-path expander that is required for
Op placement. The hit-path expander increases the branch
mi sprediction penalty to two cycles.

A silo that allows multiple FUTypes per siloistermed a
flexible silo cache, and asilo that holds multiple FUTypesis
aflexiblesilo. A flexiblesilothat suppliesOpsfor n FUshas
atag array of thesame size asthen silosfor those FUsin a
rigidsilo cache. Thedataarray isdightly larger because the
FUT field is stored in the flexible silo, for use by the miss-
path expander, but not in the rigid design. A flexible silo
holds Ops in a compressed fashion, but the overall design
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Figure 15. Evaluation of shared silos for inte-
ger programs.

The metric used is useful Ops completed per cycle (OPC).
With the exception of thefirst bar on the chart, each individ-
ual bar represents the harmonic mean for the combination
of benchmarks programs using oneflexible silo for the FU-
Typesindicated and privatesilosfor theremaining FUTypes.
The caches smulated were 16 KB with associativities of 1,
2,4, 8, and 16. Thefirst bar represents the harmonic mean
for al benchmarks using the same cache size and associa
tivity parameters but with arigid silo design.

isnominally a NOP cache. The offset bits of Ops that map
to aflexible silo are used to determine their cache locations.
A flexible silo that holds m FUTypes has the same size tag
and data arrays as the m silos for those FUTypesin arigid
silo cache. Of particular interest is a design that storestwo
FUTypes in a flexible silo and assigns the remaining two
FUTypesto 1-FUType-per-partition silos.

Simulations were performed for the integer benchmark
programsfor a 16 KB cache with a variety of flexible parti-
tionsto determine which FUTypes were best suited to share
aflexiblesilo. The resultsare presented in Figure 15. With
the exception of the floating point/branch combination, all
of the shared silo designsperformed better thantherigidsilo
design. The performance gains ranged from 19% for thein-
teger/memory combination to 31% for the integer/floating
point combination. Based on these preliminary results, the
flexible silo design clearly outperformstherigid silo design
as well as the uncompressed and banked cache designs.

5. Analysis

In terms of complexity, the uncompressed cache can be
viewed as the simplest i-fetch mechanism. It's Op place-
ment, Op access, and NextPC schemes are similar to tech-

niques that have been used in previous designs. The draw-
back of this simplicity is that, for the workload presented
in this study, the NOP policy causes low space utilization
which is reflected by poor performance. The banked cache
uses adifferent approach. It can place multipleMultiOpsin
a cache block and does implicit prefetching. NextPC gen-
eration is performed differently than for the uncompressed
cache but the hardware requirements of both mechanisms
(an adder and extra storage for length/offset information)
are equivaent. Overal, though, the banked cache requires
more complex logic as it also must be able to interchange
blocks from different banks and subsequently scan the the
Opsto later expand only the requested MultiOp. This extra
work must be performed in one clock cycle and requires
more (sequential) logic than the uncompressed design. The
cycletime of the banked cache ispotentially longer than that
of the uncompressed cache. However, the performance is
substantially better which indicatesthat the extracompl exity
may be warranted.

Therigidsilo cacheisnominally aNOP cache but allows
limited sharing of cache locations by multiple MultiOps.
Therigidsilo cache requiresconsiderably more storage than
either of the previous designs as each Op-wide storage lo-
cation has associated with it atag and alength field. Extra
comparators are aso required to perform multiple parallel
tag comparesineach silo. The NextPC computationlogicis
identical to that used in the uncompressed cache. A direct—
mapped silo cache performs roughly equivalent to a banked
cache. As associdtivity is increased, the rigid silo cache
outperforms the banked cache. However, set associativity
requires extralevels of logicto select the correct block from
withinthe set.

The flexible silo design allows multiple FUTypes to re-
side in asilo. Conceptualy, the design stores Ops in the
flexible silo in a compressed fashion, so that space utiliza-
tion of theflexible siloishigh. Cache placement and access
are straightforward and isno more complex than that for the
other designs. The extra expander required on the cache hit
path is smaller than that used on the miss path (and the hit-
path expander used in the banked cache) and is a separate
stage. |If set associativity is used, the cycle time might be
stretched due to the extralevels of logic required. The pre-
liminary evaluation of the flexible silo cache indicates that
it might outperform the other three designs. Further work is
needed to determineif the (potentialy) greater performance
is not countered by an increasein cycletime.

6. Conclusion

Thisstudy investigated the issuesinvolved ini-fetch sup-
port for VLIW architecturesthat use compressed encodings.
The effect of i-fetch mechanisms oni-cache architecturewas
discussed, and a taxonomy for classifying VLIW i-caches



based on degree of partitioning and the NOPs policy was
introduced. Four cache designs were presented and evalu-
ated: the uncompressed cache, the banked cache, therigid
silo cache, and theflexible silo cache. The performance and
cycle timesissues for each design was then discussed. The
silo-based designsproved to be the best performers, withthe
flexible silo design showing promisein apreliminary evalu-
ation. Based on theresults, theplan for the TINKER testbed
is to complete the evaluation of the flexible silo design and
investigate the implementation details and tradeoffs for the
rigid silo and flexible silo cache designs.
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