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Abstract

The performance of a concurrent multithreaded ar-
chitectural model, called superthreading [15], is studied
in this paper. It tries to integrate optimizing compila-
tion techniques and run-time hardware support to ex-
ploit both thread-level and instruction-level parallelism,
as opposed to exploiting only instruction-level paral-
lelism in existing superscalars. The superthreaded ar-
chitecture uses a thread pipelining execution model to
enhance the overlapping between threads, and to fa-
cilitate data dependence enforcement between threads
through compiler-directed, hardware-supported, thread-
level control speculation and run-time data dependence
checking. We also evaluate the performance of the su-
perthreaded processor through a detailed trace-driven
simulator. Our results show that the superthreaded ez-
ecution model can obtain good performance by exploit-
ing both thread-level and instruction-level parallelism
in programs. We also study the design parameters of
its main system components, such as the size of the
memory buffer, the bandwidth requirement of the com-
munication links between thread processing units, and
the bandwidth requirement of the shared data cache.

1 Introduction

Recent concurrent multithreaded architectures
(CMAs) such as the multiscalar [3, 11], the M-machine
[2], the simultaneous multithreaded architecture [16],
and others [4, 8, 13] have shown that exploiting thread-
level parallelism is a viable approach to improve the
scalability of existing single-threaded superscalar ar-
chitectures. Using multiple threads of control to fetch
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and execute instructions from different locations of
a programs simultaneously allows compilers and pro-
cessors to exploit more parallelism from multiple in-
struction windows. Among these CMA models, some
of them [16, 8] only support concurrent execution of
loosely-coupled threads similar to a multiprocessor-
on-a-chip, while others [4, 11, 2] allow more tightly-
coupled threads to execute in parallel with hardware
support for direct data transfer between threads. Some
of them also provide thread-level control and data spec-
ulation to exploit high-level program structures such as
DO-While loops and objects referenced through point-
ers.

In this paper, we study the performance of a
CMA model with tightly-coupled threads, called su-
perthreading [15]. It integrates compilation techniques
and run-time hardware support to exploit both thread-
level and instruction-level parallelism in programs. The
superthreaded architecture uses a thread pipelining
execution model to enhance the overlapping between
threads. It also provides compiler-directed thread-level
control and data speculation and run-time data depen-
dence checking. Using compiler-directed thread-level
control and data speculation allows it to have less hard-
ware complexity than some prior CMA models [11, 13]
for thread-level control and data speculation. How-
ever, it requires more sophisticated compiler technol-
ogy to achieve good performance. Fortunately, its simi-
larity to a multiprocessor-on-a-chip allows it to leverage
many existing parallelizing compiler techniques.

In this paper, we briefly present the architectural
and program execution model of the superthreaded ar-
chitecture (refer to [15] for more details) in section
2. We then identify the required compilation tech-
niques to support thread-level control and data specu-
lation, and also the issues related to the exploitation of
instruction-level parallelism within each thread in sec-
tion 3. We applied those compiler techniques by hand
to some SPEC benchmarks and measure their perfor-
mance through a detailed trace-driven simulator. The
results are shown and discussed in sections 4. We then



conclude the paper in section 5.

2 Superthreaded Architecture and
Program Execution Model

In its general form, a superthreaded processor con-
sists of a number of thread processing units, which
are connected to each other through a unidirectional
ring as shown in Figure 1. The thread processing units
share the second-level (L2) instruction cache and the
data cache. Each thread processing unit has its own
first-level (L1) instruction cache, program counter, reg-
ister file, and execution unit.
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Figure 1. The organization of asuperthreaded
processor

2.1 Thread Processing Unit

The instruction fetch and execution portion of a
thread processing unit is similar to a conventional su-
perscalar to exploit instruction-level parallelism within
each thread (see Figure 2). To provide sufficient in-
struction bandwidth, each thread processing unit has
its own first-level (L1) instruction cache. The instruc-
tion fetch logic is also equipped with a branch target
buffer [6] to eliminate branch delay and to support
branch prediction and instruction-level speculative exe-
cution. Instructions fetched from the instruction cache
are stored in the instruction queue before they are de-
coded and dispatched.

The instruction dispatch and completion unit de-
codes instructions from the instruction queue and dis-
patch them to the reservation stations of the appropri-
ate functional units in order. Instructions can then be
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Figure 2. The block diagram of a thread pro-
cessing element

executed out of order when their operands are avail-
able. To support speculative execution and in-order
instruction completion, the instruction dispatch and
completion unit uses an reorder buffer [9] to buffer in-
struction results before they are committed. The re-
order buffer also serves as an rename buffer to provide
later instructions with uncommitted results which they
are flow (read-after-write) dependent on.

Each thread processing unit also has a communi-
cation unit for transferring commands and data be-
tween thread processing units. A memory buffer is pro-
vided for run-time data dependence checking between
threads. The memory buffer is also used to store specu-
lative and private data from each thread for supporting
compiler-directed, thread-level control and data spec-
ulation. For more details, please refer to [15].

The compiler statically partitions the control flow
graph of a program into threads. KEach thread cor-
responds to a portion of the control flow graph. A
program starts execution from its entry thread. The
entry thread can then fork a successor thread on the
next thread processing unit, which in turn can fork its
own successor thread. This process continues until all



the thread processing units are busy. Forking a thread
only requires a few cycles, which allows a thread to be
very light weight.

When multiple threads are executing on a su-
perthreaded processor, the oldest thread in the sequen-
tial order is referred to as the head thread. All the other
threads derived from it are called successor threads. Af-
ter the head thread completes its computation, it will
retire and release the thread processing unit. Its imme-
diate successor thread becomes the new head thread.
The completion and retirement of the threads must
follow the program sequential execution order. This
sequential thread execution order allows it to use a
very simple and fast unidirectional ring to connects all
thread processing units (without using a more compli-
cated interconnection such as a crossbar switch).

2.2 Thread Pipelining Execution Model
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Figure 3. The pipelined execution of contigu-
ous threads

The superthreaded architecture uses a thread
pipelining execution model to enhance the overlap-
ping between threads, and to facilitate run-time data
dependence enforcement between threads. As shown
in Figure 3, the execution of a thread is partitioned
into continuation stage, target-store-address-generation
(TSAG) stage, computation stage, and write-back
stage. The continuation stage is responsible for com-
puting recurrence variables, such as loop index vari-
ables, and for forking a new thread on the next thread
processing unit. Upon the execution of the fork in-
struction, all of the recurrence values computed at the
continuation stage, as well as the target store addresses
and data (to be described later) received from the pre-
decessor thread, will be forwarded to the successor
thread through the communication unit. A thread can

fork a successor thread with control speculation, such
as in a WHILE loop. If, later, the control speculation
is evaluated to be incorrect, the thread will issue an
abort_future instruction (generated by the compiler) to
kill all the successor threads.

The TSAG stage computes addresses of the write op-
erations upon which the concurrent successor threads
could be data dependent. The addresses of those write
operations are called target store addresses. They are
identified by the compiler through a conventional data
dependence analysis. These store addresses are com-
puted at runtime, and are forwarded to the memory
buffers of the successor threads for run-time depen-
dence checking through an allocate_ts instruction. To
guarantee the correctness, a successor thread cannot
perform any load operation which potentially can be
data dependent on those store operations until its pre-
decessor thread has completed the TSAG stage and for-
warded all of the target store addresses to its memory
buffer. This is enforced by placing a synchronization
instruction release_tsag_done at the end of the TSAG
stage to send a tsag-done flag to its successor thread,
and by placing a wait_tsag-done instruction in the suc-
cessor thread before its load operations.

The computation stage performs the main compu-
tation of the thread. When a thread executes a load
operation whose address matches that of a target store
entry in its memory buffer, the thread will either read
the data from the entry if it is available, or wait until
the data is forwarded into its memory buffer by the pre-
decessor thread using a store_ts instruction. If a thread
is completed normally without being aborted by the
predecessor thread, it will end with a stop instruction.
After executing the stop instruction, a thread will wait
until it becomes the head thread and then perform the
write-back stage.

In the write-back stage, all the store data (including
target stores) in the memory buffer will be commit-
ted and written to the cache memory. The write-back
stages are performed in the program sequential order
to preserve non-speculative memory state and to elim-
inate output and anti-dependences between threads.
After performing the write-back stage, a thread pro-
cessing unit can retire the thread and become idle until
it is scheduled a new thread again.

2.3 An Example Superthreaded Program

The code segment shown in Figure 4.a is one of the
most time-consuming loops in the SPECint95 bench-
mark 124.m88ksim. This is a while loop with exit con-
ditions in the loop head as well as in the loop body.
There is a potential read-after-write data dependence
across loop iterations caused by the variable minclk.

Figure 4.b shows the superthreaded code for the
loop. In this code, each thread corresponds to a loop
iteration. In the continuation stage, each thread incre-
ments the recurrence variable i and forwards its new
value to the next thread processing unit using a store_ts



while ( funct_units[i].class != ILLEGAL_CLASS ) {
if( f->class == funct_units[i].class ) {
if ( minclk > funct_units[i].busy ) {
minclk = funct_units[i].busy;
i=i
if ( minclk == 0 ) break;

it++;

(a)

/* Continuation Stage */

L1:
il =1
store_ts(&i,i_1+1);
fork L1;

/* Target-Store-Address-Generation Stage */
allocate_ts(&minclk) ;
wait_tsag_done;
release_tsag_done;

/* Computation Stage */
if (funct_units[i_1].class == ILLEGAL_CLASS ) {
abort_future;
i=1i_1;
goto L2;
}
if ( f->class == funct_units[i_1].class ) {
if ( minclk > funct_units[i_1].busy ) {
store_ts(&minclk, funct_units[i_1].busy);
j=1i.1;
if ( minclk == 0 ) {
abort_future;
i=1i_1;
goto L2;
}
} else
release_ts(&minclk) ;
} else
release_ts(&minclk) ;
stop;

/* Write-back Stage */

/* -> performed automatically after stop */
/* End of thread pipelining */

L2:

(b)

Figure 4. (a) An example code segment from
124.m88ksim and (b) its superthreaded code

instruction. The original value of i is saved in i_1 for
later use. The continuation stage ends with a fork in-
struction to initiate a successor thread.

In each thread, there is only one target store corre-
sponding to the update of the variable minclk. The
address of the variable minclk is forwarded to the
next thread in the TSAG stage. The computation
stage needs to wait until it receives the tsag_done flag
from the predecessor thread. This is enforced by the
wait_tsag_done instruction.

In the computation stage, a thread first checks if
the first exit condition is true. If it is true, the
thread will abort the successor threads by executing
the abort_future instruction, and then jump out of the
loop. Otherwise, the thread will perform the computa-
tion of the loop body. In the computation, the update
of the variable minclk is performed by a store_ts in-
struction, which will forward the result to the successor
threads. If the control path that executes the store_ts
is not taken, the thread will execute a release_ts in-
struction to release the target store entry so that the
successor threads will not wait indefinitely for the tar-
get store data. If both exit conditions are false, the
thread will execute a stop instruction, and then start
the write-back, which is performed by the hardware
automatically.

3 Compilation for Superthreading

Since a superthreaded architecture exploits both
thread-level and instruction-level parallelism, the com-
piler needs to leverage existing front end parallelizing
compiler techniques for thread-level parallelism, and
back end optimization techniques for instruction-level
parallelism. In addition, the compiler must generate
threads at the appropriate level to achieve the maxi-
mum performance. Since an extensive discussion on the
compiler issues and techniques are beyond the scope of
this paper, in the following subsections, we briefly ad-
dress those two levels in some details.

3.1 Some Thread-Level Compilation Issues

Some conventional parallelizing compiler techniques
such as function inlining, induction variable substitu-
tion, alias analysis, data dependence analysis, variable
privatization, loop unrolling and interchange, etc. can
also be used for the superthreaded architecture.

The compiler then partitions a program into
threads, and each thread into multiple stages for thread
pipelining [7, 14]. It also generates target store instruc-
tions for run-time data dependence checking. The com-
piler needs to increase the execution overlap of concur-
rent threads by minimizing the stalls caused by data
dependences between threads. To do this, it needs to
schedule target stores as early as possible, and sched-
ule load instructions that may be data dependent on



the target stores of some predecessor threads as late as
possible [1].

The following superthreading-specific optimization
techniques [14] are also found to be useful:

Conversion of Data Speculation to Control
Speculation Hardware support for full data specu-
lation can be very expensive, because it needs a buffer
(called Address Resolution Buffer in multiscalar [3, 11])
to keep all load and store addresses from all active
threads in order to detect data dependence violations.
To avoid using such expensive hardware for data specu-
lation, and to avoid wasting useful computation when
a thread is squashed due to data dependence viola-
tion, the superthreaded architecture enforces data de-
pendences between threads instead. It uses the mem-
ory buffer to perform both run-time data dependence
checking and implicit data synchronization, and re-
quires only store addresses and data to be buffered.
Since there are far fewer store addresses than load ad-
dresses, the size of the memory buffer can be much
smaller than the the address resolution buffer in mul-
tiscalar (see Section 4.4).

However, data speculation can be useful for some
programs. For example, data dependences may occur
only rarely in certain control paths within each thread
(the information can be obtained from profiling). By
using data speculation, we can exploit the potential
parallelism if the control paths that contain the data
dependences are mostly not taken at runtime.

For threads that can benefit from this kind of data
speculation, the compiler can perform the data specu-
lation by converting it to control speculation, which is
supported by the superthreaded architecture. To spec-
ulate on read-after-write data dependences that may
occur only if the predecessor thread takes certain con-
trol paths that execute the writes, the compiler does
not generate any target store addresses for the writes.
Instead, the compiler inserts an abort_future instruc-
tion in the control paths that execute the writes. If
the predecessor thread does take that control path,
the abort_future instruction will be executed and the
successor threads that may depend on the writes will
be squashed and re-executed. Note that the hardware
does not perform run-time data dependence checking
for the control-speculated data dependences, even if
they are undisambiguable at compiler time. The com-
piler just conservatively assumes that they are depen-
dent and will be violated if the control paths that exe-
cute the writes are actually taken at runtime.

Distributed Heap Memory Management Pro-
grams written in C often need to allocate dynamic
memory space at runtime. Dynamic memory space
is allocated and deallocated through a heap memory
manager, such as the malloc and free functions pro-
vided by the standard C library. Such heap memory
management can cause potential data dependences be-
tween threads. To eliminate such data dependences,

each thread processing unit maintains its own free list
to keep track of the free memory blocks owned by
the thread. With the heap memory management dis-
tributed to each thread processing unit, the allocation
and deallocation of memory blocks become indepen-
dent and can be executed in parallel. Note that a
memory block can be allocated in one TPU and freed in
another since the distributed heap memory managers
still share the same memory space.

Using Critical Sections for Order-irrelevant Op-
erations Data dependences between threads are of-
ten caused by order-irrelevant operations on a shared
variable or data structure. Examples of order-
irrelevant operations include adding a value to a vari-
able (reduction operations) and inserting a node to a
list in which the order is not important. Using target
stores to enforce order-irrelevant operations will seri-
alize the concurrent execution of the multiple threads.
To avoid such a problem, we can place order-irrelevant
operations on shared data in critical sections.

Memory Buffering in the Main Memory We
use memory buffers to save target store addresses and
data for run-time data dependence checking, and to
buffer uncommitted store data generated during spec-
ulative execution. The memory buffer can also be
used to store private variables and to eliminate anti-
and output-dependences caused by private variables
between threads. Due to the limitation of hardware
resources, the memory buffer will have a fixed size.
The compiler can estimate the usage of the memory
buffer and partition threads accordingly to avoid mem-
ory buffer overflow. When a memory buffer overflows,
the thread must be stalled until all of its predecessor
threads are completed before it can resume execution.

3.2 Some Instruction-Level Compilation Consid-
erations

Since each thread processing unit uses a superscalar
execution model, the compiler must generate threads
at the appropriate level, so there will be sufficient
instruction-level parallelism left in each thread while
exploiting thread-level parallelism. To provide each
thread processing unit with sufficient workload to ex-
ploit instruction-level parallelism, the compiler would
include as many instructions in a thread as possible.
On the other hand, the size of a thread cannot be too
large to avoid overflowing the memory buffer [15].

In addition, the compiler would partition a program
at a level where the maximum thread-level parallelism
is available. For some programs, however, the best
thread level is at the inner-most loops which may have
a small amount of instructions in each loop iteration.
For such programs, the compiler has to trade off be-
tween the thread-level and the instruction-level par-
allelism in order to achieve the maximum combined



performance gains.

In general, if a program has more than one level of
loops that have a good amount of parallelism, the com-
piler will schedule the outer loop that would not over-
flow the memory buffer for thread-level execution, and
leave the inner loop for each thread processing unit to
exploit instruction-level parallelism with branch spec-
ulation or software pipelining [5]. In the case that only
inner-most loops are suitable for thread-level execu-
tion, the compiler can perform loop unrolling or loop
blocking to increase the size of each thread, and to pro-
vide each thread processing unit with sufficient work-
load to exploit instruction-level parallelism. Another
technique to optimize thread partitioning is loop in-
terchange, which can be used either to interchange an
outer parallel loop that will overflow the memory buffer
with a inner sequential loop to allow the new inner loop
to be executed in parallel, or to interchange a small
inner parallel loop with an outer sequential loop to in-
crease the size of each thread.

4 Performance Evaluation
4.1 Methodology

We evaluate the performance of the superthreaded
architecture using a trace-driven simulator. We trans-
form benchmark programs into their corresponding su-
perthreaded programs at the source level. In the trans-
formed superthreaded programs, special superthread-
ing instructions, such as fork and store_ts, are repre-
sented as function calls to specific subroutines. The
transformed superthreaded program is compiled by the
SGI C compiler. The program is then instrumented by
Pizie [10] to generate instruction and memory reference
traces. The simulator executes the instrumented pro-
gram on the host SGI machine and collects the traces.
During the trace collection phase, the simulator con-
verts function calls which represent the superthreading
instructions into the corresponding superthreading in-
structions for simulation.

After the trace collection phase, the converted in-
struction traces are fed into the corresponding thread
processing units in the simulator. The instruction fetch
and execution portion of a thread processing unit is
organized similar to a superscalar processor with a
branch target buffer for branch prediction and a reorder
buffer for out-of-order execution. Functional units are
fully pipelined and have the same latencies as those of
MIPS R10000.

The interconnection between thread processing
units is modeled as a unidirectional ring. Each com-
munication unit can forward a configurable number
of commands or target store entries per cycle to the
down-stream communication unit. The memory buffer
is fully-associative and has a configurable number of
ports. The memory buffer uses a two-stage pipeline
structure, so every read and write to the memory buffer

will take two cycles.

The simulator also includes data cache module,
which is shared by all thread processing units. To
provide sufficient cache access bandwidth, the cache
is non-blocking and can be made of multiple-port,
multiple-bank, or both. In the following performance
evaluation results, the basic configuration for the data
cache is given as follows: 64 kbytes, write back, 4-way
set associative, 16-byte block, two read ports and one
write port. A memory access hit in the cache takes
two cycles, while the cache miss penalty is 12 cycles.
The number of interleaved banks is scaled up with the
total issue rate (number of thread units x issue rate
per thread unit) of the processor.

4.2 Benchmarks

We use two GNU utilities (wc and cmp), two
SPEC92 floating pointer programs (alvinn and ear) and
four SPEC95 integer programs (md88ksim, gcc, com-
press, and ijpeg) for our performance study. All of
these programs are written in C. Since the compiler
development for the superthreaded processors requires
both a front end parallelizing compiler and a back end
optimizing compiler and is still under way [7, 14], we
manually transformed the most time-consuming rou-
tines of those programs into the superthreaded codes
at the source level. This approach allows us to evalu-
ate and study various architectural issues, design pa-
rameters, and the feasibility of the superthreaded ex-
ecution model before its compiler is fully functional.
Even though in the manual transformation we try to
mimick compiler algorithms as closely as possible, the
transformed programs should still be interpreted as the
results of a very good compiler with profiling informa-
tion. On the other hand, the manual transformations
are applied only at the source code level, and the SGI
back end optimizing compiler is used to exploit instruc-
tion level parallelism without any specific consideration
for the superthreaded execution model. Some perfor-
mance degradation could be resulted from such omis-
sion. We thus restrict our performance comparison in
varying architectural and design parameters, and not
against the other CMA models.

Table 1 shows the input sets used for the simula-
tion, the dynamic instruction counts of the original
programs, and the dynamic instruction counts of those
most time-consuming routines before and after they are
transformed into the superthreaded form. Table 1 also
shows the IPCs of the original programs run a single-
threaded, single-issued processor model, which is used
as our base model for computing speedup.

4.3 Performance Comparison

We run the benchmark programs on the simulator
with the number of thread processing units ranging
from 1 to 8, and the issue rate within each thread
processing unit ranging from 1 to 8. Models with a



Program Input Insn. Count Insn. Count Insn. Count | Percent | Base
set Total Transformed Transformed | Increase | Model
(original) (before) (after) IPC

we expr.c from gcc 3.98M | 3.97M (99.7%) 6.15M 54.9% 0.69

cmp expr.c from gec 5.13M | 5.12M (99.8%) 5.27TM 10.9% 0.78

052.alvinn ref(20 iterations) 613.6M | 543.5M (88.6%) 559.4M 2.9% 0.68

056.ear short 812.7M | 802.0M (98.6%) 846.9M 5.6% 0.89

124.m88ksim | train 195.2M | 148.0M (75.8%) 156.7M 5.9% 0.71

126.gcc jump.i 218.0M | 64.7M (29.8%) 64.8M 0.2% 0.64

129.compress | train 50.6M | 46.4M (90.2%) 52.1M 12.3% 0.75

132.ijpeg test 856.1M | 598.1M (69.9%) 711.8M 19.0% 0.81

Table 1. Benchmark Programs and their dynamic instruction counts.

# of TPUs X 1 1 1 1 2 2 2 2 4 4 4 4 8 8 8 8 1 16
Issue rate 1 2 4 8 1 2 4 8 1 2 4 8 1 2 4 8 16 1
Reorder buffer size 8 |16 | 32|64 | 8| 16|32 |64 |8 |16 | 32|64 |8 ]| 16 | 32| 64 | 128 8
Pending conditional branches | 1 1 2 4 1 1 2 4 1 1 2 4 1 1 2 4 8 1
ALUs 1 2 4 8 1 2 4 8 1 2 4 8 1 2 4 8 16 1
FPUs 1 1 2 4 1 1 2 4 1 1 2 4 1 1 2 4 8 1
LSUs 1 1 2 4 1 1 2 4 1 1 2 4 1 1 2 4 8 1
Communication bandwidth - - - - 1 1 2 2 1 2 2 32| 2 3 4 - 2
Write back bandwidth 1 1 1 2 1 1 2 4 1 2 4 8 2 4 8 16 4 4
Data cache banks 1 1 1 2 1 1 2 4 |1 2 4 8 2| 4 8 | 16 4 4

Table 2. Simulation configurations for thread processing units of different processor models

single-threaded processing unit are equivalent to a com-
parable superscalar processor. Note that we run the
original benchmark programs on single-threaded mod-
els, and run the transformed superthreaded programs,
which have more run-time overhead than the original
programs, on multiple-threaded models.

In every model, each thread processing unit uses a
1024-entry, 4-way associative branch target buffer and
a 96-entry fully-associative memory buffer. The de-
tailed simulation configuration for each model is given
in Table 2. In general, the reorder buffer (instruction
window) size, the level of branch speculation over un-
resolved conditional branches, and the number of func-
tional units are scaled up with the issue rate of each
thread processing unit, while the communication band-
width, write back bandwidth (for store data), and the
number of interleaved cache banks are scaled up with
the total issue rate of each combination.

To compare the relative performance (speedup)
among different superthreaded configurations, and be-
tween superthreaded processors and superscalars, we
use a single-threaded, single-issue processor as our
baseline. This allows us to see the improvement due
to superscalar approach, and the additional improve-
ment obtained through superthreading. We do not use
IPC for the performance comparison because multiple-
thread models have relatively higher IPCs than single-

thread models (due to the instruction overhead in the
superthreaded programs). Figures 6 and 7 show the
speedup of different configurations. For each bench-
mark program, we show both the speedup of the entire
program and the speedup of the transformed portion
of the program.

From the result, we can see that the superthreaded
model can further improve the performance of a single-
threaded (1 TPU) superscalar architectural model for
most of the benchmark programs. For programs with
high thread-level parallelism such as 052.alvinn and
056.ear, the combined speedup from superscalar and
superthreading can exceed 10. On the other hand,
programs with intensive loop-carried data dependences
such as 129.compress cannot benefit much from the su-
perthreaded execution model.

Overall, while the single-threaded model with 4-
issue superscalar achieves an average speedup (entire
program) of 2.34, the superthreaded model can further
improve the average speedup to 4.04 (73% improve-
ment) with 4 TPUs and to 4.6 (97% improvement) with
8 TPUs. For models with 8-issue per TPU, the su-
perthreaded models can improve the average speedup
from 3.18 to 4.97 (56% improvement) with 4 TPUs and
t0 5.5 (73% improvement) with 8 TPUs. If we consider
only the transformed portion of the programs, the su-
perthreaded models with 8 TPUs can improve the av-
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Figure 5. Performance comparison of models
with a total issue rate of 16

erage speedup from 2.36 to 5.63 (139% improvement)
for 4-issue per TPU and from 3.18 to 6.43 (102% im-
provement) for 8-issue per TPU.

Figure 5 compares speedup (transformed portion) of
different models with a total issue rate of 16. We can
see that models combining superthreading and super-
scalar (4-TPUx4-Issue or 8-TPU x2-Issue) can achieve
better speedup than the pure superscalar model (1-
TPUx16-Issue). In addition, the clock cycle time of
the pure superscalar model could be longer than that
of the combined models, because the 16-issue super-
scalar model uses a large (128 entries) instruction re-
order buffer for dynamic instruction scheduling and
supports higher level (8 branches) of branch prediction
and speculation.

4.4 Memory Buffer Usage

The memory buffer of each thread processing unit
could be very expensive because it needs to use associa-
tive hardware for run-time data dependence checking.
For this reason, the memory buffer cannot be too large.
Table 3 shows the maximum number of memory buffer
entries used in each benchmark program executed in
a superthreaded processor with different numbers of
thread processing units. Note that the memory buffer
may collect more target store entries from the predeces-
sor threads as the number of thread processing units in-
creases. For gcc, speculative and private data is stored
in the main memory. The numbers shown in Table 3 do
not include such entries in the main memory. The re-
sults show that using a small number of memory buffer
entries (no more than 100) to buffer target stores and
local stores can be sufficient and effective for most pro-
grams.

Program Number of TPUs

2 | 4 | 8
we 4 4 4
cmp 4 4 4
052.alvinn 72 73 73
056.ear 25 25 25
124.m88ksim 26 26 26
126.gcc 3 3 3
129.compress 20 24 32
132.ijpeg 26 26 26

Table 3. Maximum number of memory buffer
entries used in each program

4.5 Communication Bandwidth Requirement

The communication units and the unidirectional
ring allow a thread to receive commands and target
stores from its predecessor threads, and to forward
commands and target stores to its successor threads for
thread initiation/synchronization and run-time data
dependence checking. To keep the thread initiation and
the run-time data dependence checking from becoming
the critical path in the concurrent multithreaded ex-
ecution, a communication unit may need to process
and forward more than one request per cycle as the is-
sue rate and the number of thread processing units in-
crease. However, increasing the bandwidth of commu-
nication units could be very expensive. Therefore, it is
very important to know the bandwidth requirement of
the communication unit for the benchmark programs.

Program Communication Bandwidth
1 2 3 4
we 3.56 | 3.95 | 4.00 4.00
cmp 5.66 | 6.29 | 6.41 6.34
052.alvinn 5.90 | 6.01 | 6.04 6.06
056.ear 743 | 7.77 | 7.83 7.85
125.m88ksim || 3.07 | 3.30 | 3.34 3.34
126.gcc 217 | 2.17 | 2.17 2.17
129.compress || 2.32 | 2.39 | 2.39 2.39
132.ijpeg 3.39 | 3.54 | 3.56 3.57

Table 4. Speedup of a 4-TPU, 4-issue su-
perthreaded processor with different commu-
nication bandwidths

In the communication bandwidth study, we use a su-
perthreaded processor model consisting of four 4-issue
thread processing units, which we think is a reason-
able configuration for the next generation of micropro-
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read | write contention % [ speed- contention % | speed- contention % | speed- contention % [ speed-

ports | ports | banks r [ w up r [ w up r [ w up r [ w up
1 1 2 3.20 34.56 3.95 20.40 15.99 6.19 51.81 14.73 5.60 64.40 | 27.36 4.28
1 1 4 2.38 16.33 3.95 19.43 | 16.12 6.29 33.57 | 16.48 5.91 47.76 | 34.88 5.70
1 1 8 2.27 16.32 3.95 18.54 16.12 6.29 22.10 8.73 5.96 36.02 | 30.20 6.55
2 1 2 0.04 34.57 3.95 0.00 16.00 6.19 11.16 13.90 6.00 25.18 | 26.11 6.87
2 1 4 0.04 16.32 3.95 0.00 16.13 6.29 6.11 16.46 6.01 10.20 | 32.59 7.7
2 1 8 0.04 16.31 3.95 0.00 16.12 6.29 3.52 8.99 6.01 4.65 28.66 7.89
3 2 2 0.00 14.53 3.95 0.00 0.00 6.29 3.45 6.35 6.01 6.25 16.45 7.84
3 2 4 0.00 3.82 3.95 0.00 0.00 6.29 1.43 1.71 6.02 1.16 5.59 7.96
3 2 8 0.00 3.82 3.95 0.00 0.00 6.29 0.69 0.81 6.02 0.43 3.94 7.96

[ Cache hit ration % ]| 99.95 | 99.98 | [ 99.72 | 99.98 | [ 92:25 | 99.88 | [ 99.99 | 99.98 | |
124.m88ksim 126.gcc 129.compress 132.ijpeg

read | write contention % | speed- contention % | speed- contention % | speed- contention % | speed-

ports | ports | banks r [ w up r [ w up r [ w up r | w up
1 1 2 34.52 17.07 3.21 18.38 | 22.07 2.13 27.37 | 11.03 2.24 53.41 20.40 2.97
1 1 4 20.87 | 24.38 3.27 13.56 | 31.01 2.14 22.70 12.10 2.25 37.72 | 29.24 3.28
1 1 8 14.92 17.42 3.27 11.62 | 25.66 2.15 20.90 7.19 2.26 29.50 | 23.30 3.38
2 1 2 2.03 16.43 3.29 0.90 23.19 2.16 0.65 11.48 2.39 15.93 | 20.25 3.45
2 1 4 0.96 24.93 3.30 0.27 32.34 217 0.20 13.26 2.39 6.36 28.64 3.54
2 1 8 0.60 17.63 3.30 0.18 27.29 217 0.11 8.86 2.39 3.36 23.29 3.55
3 2 2 0.10 7.88 3.29 0.13 9.69 217 0.02 2.58 2.39 2.76 10.34 3.55
3 2 4 0.05 2.10 3.30 0.04 7.21 217 0.00 2.06 2.39 0.98 5.42 3.56
3 2 8 0.04 0.87 3.30 0.02 5.05 217 0.00 0.00 2.39 0.30 4.03 3.56

[ Cache hit ration % || 99.61 [ 98.24 | [[ 99.41 ] 99.37 ] [ 99.11 [ 98.52 ] [ 99.81 [ 99.50 | |

Table 5. Speedups and percentages of request blocked due to port contention

cessors, as our base model. We run the benchmark
programs on the base processor model with different
communication bandwidths ranging from 1 request per
cycle to 4 requests per cycle. The simulation result
are shown in Table 4. We see that for most of the
programs, the speedup increases a noticeable amount
as the communication bandwidth increases from 1 re-
quest per cycle to 2 requests per cycle. However, the
speedup increase saturates beyond 3 and 4 requests per
cycle. We conclude that a communication bandwidth
of 2 requests per cycle would be sufficient for a 4-TPU,
4-issue superthreaded processor.

4.6 Data Cache Bandwidth Requirement

As the total issue rate increases in the superthreaded
architectural models, it requires higher data cache
bandwidth to support multiple loads and stores per
cycle. Techniques to improve cache bandwidth include
non-blocking, multi-port, and interleaved multi-bank
[12]. Non-blocking improves the cache performance
by reducing the bandwidth degradation due to misses.
Multi-port (duplicated ports) and multi-bank caches
can serve multiple requests per cycle. In general, a
multi-port cache is more effective than a multi-bank
cache because it has less port contention. However, it
is much more expensive than a multi-bank cache.

To determine the cache bandwidth requirement for
a superthreaded processor, we run the benchmark pro-
grams through the simulator configured with different
combinations of multi-port and multi-bank. Again, we
use a 4-TPU, 4-issue superthreaded processor as our
base model. For multi-port cache, we use three differ-
ent configurations: one read port/one write port, two
read ports/one write port, and three read ports/two
write ports. For multi-bank cache, the number of in-
terleaved banks ranges from 2 to 8. Table 5 shows the
simulation results. It shows the percentage of requests
blocked due to port contention, which happens when
more requests than the available ports are send to the
same bank in the same cycle. The results also show
the cache hit ratio for reads and writes. Note that the
cache hit ratios would not be affected by the number
of ports or banks.

We can see that most of the request contention ratio
decreases as the number of ports or banks increases.
For some programs, however, the contention ratio for
the single write port increases as the number of banks
increase from 2 to 4. This is because the write-back
(from the memory buffer to the data cache) bandwidth
will be limited to 2 writes per cycle when the cache
module has only two banks and one write port in each
bank. With fewer write-back requests per cycle, the
contention ratio for the write port could be reduced,



but eventually the total execution time may increase
due to the slower write-back.

It is also very interesting to see that when the con-
tention ratio is less than 30%, further reducing the
contention ratio by adding banks or ports would not
improve the speedup much. This is because when the
contention ratio is not very high, a blocked request
has a good chance to be served in the next cycle.
As a result, delaying a few cache accesses for one or
two cycles would not degrade the performance much.
On the other hand, for programs with high instruc-
tion throughput and with a contention ratio higher
than 50% such as 056.ear, increasing the number of
cache ports and banks can improve their speedup sig-
nificantly. Overall, a 4-way interleaved cache module
with two read ports and one write would provide suffi-
cient bandwidth for the benchmark programs studied.

5 Conclusions

Supporting concurrent execution of multiple threads
on a single chip is a promising approach to boost
the performance of existing superscalar microproces-
sors. The superthreaded architectural model takes
advantage of optimizing compilation techniques and
run-time hardware support to exploit both thread-
level and instruction-level parallelism with compiler-
directed thread-level control and data speculation and
run-time dependence checking.

We evaluate the performance of the superthreaded
architecture through a detailed trace-driven simulator.
The simulation results show that the superthreaded ar-
chitectural model can further improve the performance
of a single-threaded superscalar processor.

We also study the size of the memory buffer and
the bandwidth requirement for the communication unit
and the shared data cache. Our results show that a
memory buffer of fewer than 100 entries is sufficient for
all of the benchmark programs studied. For a 4-TPU,
4-issue superthreaded processor, the required commu-
nication bandwidth between two connected thread pro-
cessing units is about 2 requests per cycle for most of
the programs. On the other hand, the required cache
bandwidth varies from programs to programs. For pro-
grams with high instruction throughput, a 4-bank data
cache with two read ports and one write port would be
needed to provide sufficient cache bandwidth.
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Figure 6. Performance comparison for wc, cmp, 052.alvinn and 056.ear
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Figure 7. Performance comparison for 124.m88ksim, 126.gcc, 129.compress and 132.ijpeg



