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Abstract

This paper explores microarchitecture models for a si-
multaneous multithreaded processor with multimedia
enhancements. We enhance a wide-issue superscalar
processor by the simultaneous multithreading technique,
by multimedia units, and by an additional on-chip RAM
storage. Our workload is a multithreaded MPEG-2 video
decompression algorithm that extensively uses multime-
dia units. Our simulation results suggest that a 2- or 4-
threaded 4-issue processor with a small on-chip RAM
accessed by a local load/store unit will be superior to a
wide-issue (single-threaded) superscalar processor.

Keywords: Simultaneous multithreading, multimedia
extension, MPEG-2 video decompression

1 Introduction

Current microprocessors utilize instruction-level paral-
lelism (ILP) by a deep processor pipeline and by the su-
perscalar instruction issue technique [1]. A contempo-
rary superscalar processor is able to issue up to six in-
structions each clock cycle from a conventional linear
instruction stream. However, ILP found in a conven-
tional instruction stream is limited. One solution to in-
crease performance is an additional utilization of thread-
level parallelism by using a simultaneous multithreaded
(SMT) processor which is able to issue instructions from
several threads simultaneously. Simulations of SMT
processors show a two- to threefold IPC increase over
single-threaded superscalars for Spec benchmarks (see
e.g. [2]) and for database on-line transaction processing
and decision support workloads [3] due to SMT's la-
tency tolerance.

Until recently simultaneous multithreading was not
yet evaluated with a multimedia workload. Wittenburg
et al. [4] looked at the application of the SMT technique
for signal processors using combining instructions that
are applied to registers of several register sets simulta-
neously instead of multimedia operations. Simulations
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with a Hough transformation as workload showed a
speed-up of up to six compared to a single-threaded
processor without multimedia extensions. Pontius and
Bagherzadeh [5] evaluated a multithreaded superscalar
signal processor model using several video decode,
picture processing, and signal filter programs as work-
loads. The programs have been parallelized at source
code level by partitioning the main loop and distributing
the loop iteration to several threads. The rather disap-
pointing speedup that was reported for multithreading
results from algorithmic restrictions and from the al-
ready high IPC in the single-threaded model. The latter
is only possible because multimedia instructions were
not used. Otherwise a large part of the IPC in the single-
threaded model would be hidden by the SIMD parallel-
ism within the multimedia instructions.

Still compilers do not handle multimedia instructions
efficiently. Therefore performance results of a compiled
jpeg benchmark of SPECint95 or of compiled programs
stemming from the MediaBench benchmark suite [6] are
not representative for high performance real-time media
processing applications. Handcoding is still state-of-the-
art of commercially successful video processing algo-
rithms.

2 The Multithreaded MPEG-2 Video De-
compression Algorithm

The MPEG-2 video decompression combines high com-
putational parts like the IDCT (inverse discrete cosinus
transformation), completely memory bound elements
like the motion compensation with highly irregular pro-
gram flows in the Huffman decoder. This mix is repre-
sentative for many multimedia compression and decom-
pression algorithms.

The MPEG-2 video decompression is partitioned
into the following six steps: header decode, Huffman
decode, inverse quantization, IDCT, motion compensa-
tion, and display. The steps 1 and 2 have to be executed
sequentially. The steps 3 to 6 can be executed in parallel
for all blocks (and macroblocks) of a single image. Our



studies show that the sequential part covers approxi-
mately 15.5% of the executed instructions (depending
on the bit rate and size of the encoded material). This
results in a theoretical speedup of at most 6.5 compared
to the sequential algorithm.

Our MPEG-2 decompression algorithm is based on a
commercially available MPEG 2 decoder for INTEL
PCs. It is fully hand coded in assembly language and

The maximum performance of the decoder is bound
by the sequential parser thread. In case of a single local
load/store unit, the 20.1% local load/store instructions
further restrict the maximum performance to an IPC of
approximately five. The parallelization overhead is
about 1.76%, which are included in the 4.5% thread
control instructions shown in the last row of the table.

does highly benefit from special multimedia instruc- | ion t A o
tions. The MPEG-2 decompression is made multi- nstruction type verage use (%)
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eight threads for macro block decoding, and an addi- [ Complex-Integer/Multimedia 3.8
tional display thread. Cooperative multithreading is ap- multiply
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Fig. 1: The SMT Multimedia Processor Model

3 The SMT Multimedia Processor Model

We start with a wide-issue superscalar processor model
based on the PowerPC 604, enhance it by simultaneous
multithreading, further enhance it by combined inte-
ger/multimedia units and by on-chip RAM memory.

The SMT multimedia processor model (see Fig. 1)
features single or multiple fetch (IF) and decode (ID)
units, a single renamef/issue (RI) unit, multiple, decou-
pled reservation stations, multiple execution units, a sin-
gle retirement (RT) and write back (WB) unit, rename
registers, a branch target address cache (BTAC), sepa-
rate |- and D-caches that are shared by all active threads.
We employ thread-specific instruction buffers (between

IF and ID), issue buffers (between ID and RI), and reor-
der buffers (in front of RT). Each thread executes in a
separate architectural register set.

The pipeline performs an in-order instruction fetch,
decode, rename/issue to reservation stations, out-of-or-
der dispatch from the reservation stations to the execu-
tion units, out-of-order execution, and an in-order re-
tirement and write-back. The rename/issue stage
simultaneously selects instructions from all issue buffers
up to its maximum issue bandwidth applying a simple
round-robin strategy (SMT feature). The integer units
are enhanced by MMX-style multimedia processing
capabilities (multimedia unit feature). We employ a



thread control unit for thread start, stop,
synchronization, and for 1/0O operations. We also employ
a local RAM memory accessed by the local load/store
unit. Simplifications concern the instruction set. We use
the DLX instruction set enhanced by thread control and
by multimedia instructions. No floating-point unit and
static instead of dynamic branch prediction is applied.

The simulator is an execution-based simulator that
models all internal structures of the microprocessor
model. Two different videos are used as data stream
workload for the MPEG-2 algorithm. One to two sec-
onds of video are decompressed by the simulator per
simulator run. The produced picture frames can be visu-
ally and digitally analyzed to evaluate the correct
working of the workload routine and the simulator.

We chose to fix the following parameters for all
simulations: 32 32-bit general-purpose registers (per
thread), 4 MB main memory (enough to store the whole
simulation workload), 64-bit system bus, 4-way set-as-
sociative D- and I-caches with 32 byte cache lines and a
cache fill burst rate of 6-2-2-2 processor cycles, and 32
KB local on-chip RAM (enough for constants and vari-
ables of the simulation workload).

We primarily varied the number of threads from 1 to
8 and the issue bandwidth from 1 to 8. We further
assumed different values for the number and size of
issue buffers, reservation stations, reorder buffers, size

Instructions per
cycle

of BTAC, the number of integer/multimedia units,
number of result buses and rename registers, the size
and refill strategies of the D-cache.

4  Performance Results

Our evaluation proceeded in two steps. First, we devel-
oped and optimized a maximum processor that included
an abundance of resources (see [7]). Next we config-
ured a realistic processor as it can be implemented in
next generation of microprocessors. The simulation re-
sults of the optimized maximum processor are shown in
Fig. 2. We see that multithreading is very effective if the
issue bandwidth is at least four. In particular the two and
four-threaded models lead to a high performance in-
crease in the multiple-issue models. There is little im-
provement for the single-threaded (the contemporary
superscalar case) and the two-threaded models when is-
sue bandwidth is increased from 4 to 8. The most sur-
prising finding was that smaller reservation stations for
the thread unit, the global and the local load/store units
as well as smaller reorder buffers increased the IPC
value for the multithreaded models (see al. [7] for more
details). In the rest of the paper we focus on the
development of a more realistic processor with a
resource capacity of a next generation processor.

Parameter Value
Threads 1-8

Issue bandwidth 1-8

|- and D-caches 4 MB each
On-chip RAM 32 KB

Instruction fetch units
Load-/store reservatio|

=

1-8, up to 8 instrs. eag

"16 entries each

stations

Simple integer reserva{ One common RS witl
tion station 256 entries

Functional units 10

Result buses 8

Issue bandwidth

Fig. 2: IPC of the maximum processor with on-chip RAM and two local load/store units

The following design decisions were made:

* Alook at the instruction mix shows that three sim-
ple integer/multimedia units suffice for the 54%
integer and multimedia instructions.

* The number of result buses can be limited to three,
because several units, as e.g. the complex integer/
multimedia or the thread control unit, are rarely
used (IPC increases by 0.01 in the 8-threaded 8-
issue up to 0.14 in the 4-threaded 4-issue model
with separate result buses).

» The set of physical registers is only utilized by at
most 10%. Thus we assume 128 instead of 1024
registers.

* A smaller cache size does harm the performance. I-

and D-caches of 32 KB each are realistic.

The BTAC is reduced from 1024 to 128 entries.

 The number of reservation stations is limited to
five: one for the local load/store unit, one for the
global load/store unit, one common for the branch
and the complex integer/multimedia units, and a



single common reservation station for the three in- single or two separate local load/store units. That is

teger/multimedia units. even effective for the single threaded models. But
» The reservation stations are set to 16 entries each. we reduced the number of local load/store units to
» Also the issue buffer and the reorder buffer are lim- one (instead of two) because it is more realistic.

ited to 16 entries per thread (each thread still has a  The simulation results are reported in Fig. 3. A speedup
separate issue buffer and reorder buffer). Reorder —of more than 2.5 over the single-threaded configurations
bandwidth is limited to four instructions per cycle. can be reached by multithreading. Increasing the issue
. Loads and stores of other threads can pass stores bandwidth in the single threaded models from four to
with unavailable memory addresses as in the maxi- €ight does not vyield any performance gain and
mum processor model. increasing the issue bandwidth or the number of threads
«  The on-chip RAM of 32 KB turned out to be essen- beyond the 4-threaded 4-issue model reaches only a
tial. Simulations showed an IPC increase of 0.5 to ~ marginal gain.
2.6 depending on the processor configuration by
applying the on-chip RAM memory together with a

Parameter Value

Threads 1-8

Issue bandwidth 1-8

|- and D-caches 32 KB each

On-chip RAM 32 KB

Instruction fetch units 1-8, up to 8 instrs. eagh
Instructions R ) . 16 entries for each

per cycle eservation stations group of FUs
Functional units 8
Result buses 3

Issue
bandwidth

Fig. 3: IPC of the realistic processor with on-chip RAM

To evaluate the tradeoffs in the configuration assumed always as good as or at most 0.2 worse than the more
in Fig 3 several variations were taken into consideration:  complex strategies (Fig. 4, see [7] for details on the se-

Inspecting several thread selection strategies for the lection strategies). For the realistic processor models we
8-8, 6-6, and 4-4 (-threaded, -issue) configurations  stick to the round-robin strategy because it is the sim-
showed that the simple round-robin strategy is nearly  plest.

cycle cycle

Saturated first

High priority first

High priority first

Round Robin Round Robin

(Not) saturated first

Other strategies Completion
strategy

Completion Other strategies

strategy

Round Robin
High priority first
Not speculative first
Round Robin
High priority first
Not speculative first

Fig. 4: IPC of thread selection strategies for 8-8 (left) and 4-4 (right) realistic processor configurations

Inspection of I- and D-cache sizes showed that 4 KB or  for the 64 KB I- and D-caches in the 8-threaded 8-issue
8 KB are too small. Cache sizes of 32 or 64 KB show  model). In our realistic models we decided to simulate
only a small performance increase (e.g. Fig. 5 shows an 32 KB I- and D-caches (16 KB could also be used).

IPC of 3.08 for the 16 KB |- and D-caches versus 3.15
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Fig. 5: IPC of data cache size variations for 8-8 (left) and 4-4 (right) realistic processor configurations

Another investigation concerned the D-cache structure.
In principle there are two kinds of memory accesses:
such that show temporal locality by accessing the same
memory address several times within a short time
period, and such that have spatial locality by accessing
data stored in contiguous memory addresses. Data with
spatial locality are only accessed once or only a few
times. Such ecesses cause cache replacements that may
displace data with temporal locality from the D-cache.
To solve this problem we simulated a partitioning of the
on-chip D-cache in two separate parts: a persistence D-
cache for data that exhibits temporal locality, and a
streaming D-cache for the data with spatial locality.
Data has been split among the now three types of on-
chip data memory according to their usage during the
handcoding of the MPEG-2 decompression algorithm.
Small sets of data that are frequently accessed and
modified are stored inside the local RAM memory. This
is the case for all interim storage of block data and
motion information. Sparse tables that are almost
exclusively accessed by read operations are stored in the
main memory area buffered by the persistence D-cache.
This is the case for the Huffman decoding tables which
are repeatedly accessed by the input parser thread. The

Instructions per 4 g
cycle
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reference frame data, which is accessed by the
macroblock threads and by the image display thread, is
stored in the main memory area buffered by the
streaming D-cache.

The simulation results showed no performance
increase by our persistence/streaming D-cache model. In
fact, the performance was in all configurations about 0.4
to 0.5 lower than the realistic processor performances
reported in Fig. 3.

Another investigation concerned the D-cache re-
placement strategy within a single D-cache. We simu-
lated several alternative cache-replacement strategies
with the aim to impede or prevent replacement of the
parser tables from the cache (see Fig. 6):

e The conventional round-robin, random selection,
and LRU strategies (strategies 0, 1, and 2),

¢ aninstruction-based strategy that allows all threads
to access the whole D-cache, but restricts access to
cache locations for specific instructions (strategy 3),

¢ a thread-based strategy aimed to avoid thrashing
when different threads access cache-lines that
mapped to the same cache location (strategy 4).

e Strategy 5 combines strategies 3 and 4.

Instructions per

Fig. 6: IPC of various cache replacement strategies for realistic processor configurations assuming 2-

way (shown left) and 8-way (shown right) associativity



Three more strategies are based on the idea of a priori-

tized cache block selection:

e Strategy 6 reserves specific cache locations for
threads with high priority. We selected the parser
thread as high priority thread to avoid dislocation of
the parser tables by data of other threads. However,
the overall cache size is limited for the other threads
and parts of the cache may be unusable.

* Anocther idea is a preferred replacement of cache
lines of threads with lower priority. The combina-
tion with the LRU-strategy leads to different aging
speeds of the cache lines (strategy 7).

e Strategy 8 replaces cache lines of low priority
threads with a probability twice as high as for the
high priority thread.

Simulations of these strategies assuming 2-, 4-, and 8-

way set-associative D-caches show little performance

differences (Fig. 6 shows 2- and 8-way set-associative

D-cache performance; 4-way is in between the 2- and 8-

way models). Only strategy 6 shows a slight perform-

ance degradation, whereas the LRU-based strategies
proved to be best. Our conclusion is that implementation
of the more complex cache replacement strategies is
hardly worthwhile at least when assuming 2- to 8-way
set associative caches. The excellent latency hiding per-
formed by the SMT feature of the processor models al-
lows little room for IPC improvement by applying so-
phisticated cache strategies. We stick with our realistic

processor models to a single 4-way set-associative D-

cache with a simple LRU strategy.

Of some success is the technique of speculative data
prefetch. Based upon previous accesses with temporal
locality, the stride and direction otaessed addresses is
stored and an automatic prefetch of the next cache line
is performed. In our implementation each cache line is
enhanced by an index storing the last accessed address
within the cache line and a speculation state that
distinguishes the states “undirectedcess”, “likely
forward”, “forward”, “likely backward”, and “back-
ward”. If the issue bandwidth is at least four, already the
single-threaded and the 2-threaded processor
configurations profit slightly with the highest profit of
0.13 for the 6-threaded 8-issue model and a profit of
0.06 for the 4-threaded 4-issue case over the values
given in Fig. 3. The cache hit rate is improved from 89%
up to 96% - 98%.

5 Conclusions

We simulated various SMT multimedia processor mod-
els using a hand-coded multithreaded MPEG-2 video
decompression algorithm as workload.

The simulations of a realistic processor model showed
the steepest performance increases for the 4-issue model
from the single-threaded (IPC of 1.21) to the two-
threaded (IPC of 2.07) and to the 4-threaded (IPC of
2.97) cases. We therefore suggest the 2-threaded 4-issue
or 4-threaded 4-issue processor configurations as realis-
tic next generation processors. A further increase of the
issue bandwidth above four will yield none or only a
small performance increase. 32 KB code and 32 KB
data caches are enough, complex cache strategies yield
only a marginal gain because of the excellent latency
hiding provided by the simultaneous multithreading
technique. On-chip RAM combined with a local
load/store unit is effective for all processor
configurations and even a second local load/store unit is
advantageous.
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