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Abstract

We present an architecture that enables low-level par-
allelization of serial computation using a special kind
of threads called inthreads. Inthreads adapt the tech-
niques and algorithms of concurrent shared-memory
programming for the computation stream of regular
code. The architecture is simple and light-weight,
needing only six instructions to manipulate the inthread
mechanisms. The architecture is designed to comple-
ment, rather than replace, conventional paralleliza-
tion techniques, such as OS-based threads, SMT, chip
multiprocessing and others.

This paper describes the inthreads architecture
and shows several code transformations that can be
used for optimizing code with low instruction-level
parallelism. Such code can be optimized neither with
conventional techniques due to complex branching,
nor with conventional concurrent programming due
to very low granularity of the parallelizable code se-
quences.

To evaluate the benefits of the architecture, we
have built an execution-driven simulator. The re-
sults of simulation indicate that inthreads can provide
nearly-linear speedups in the number of inthreads
used.

1 Introduction

Modern processors perform many operations in par-
allel in order to achieve high performance. To realize
the benefit of parallelization, high degree of resource
utilization must be achieved. However, a major road
block to high efficiency is posed by data and con-
trol dependencies. Long sequences of branch instruc-
tions or memory fetches are quite common in current
programs. Such sequences cannot be parallelized at
the instruction level, because of their dependencies.
On the other hand, the computation can often be
divided into small chunks that can be executed inde-
pendently. Unfortunately, those chunks are usually

int size=0;

for (Node* n=first; n!=0; n=n->next)

if (n->data!=0) size += strlen(n->data);

Figure 1: Calculating the sum of lengths of
strings in a linked list.

too fine-grained to be efficiently utilized using con-
ventional multithreaded programming techniques.

For a motivating example, consider the code in
Figure 1, which traverses a linked list and sums up
the lengths of the strings in it.

The for loop performs two branches per iteration,
therefore it will not be able to exhaust the processor
resources. Similarly, the computation of strlen usu-
ally consists of a while loop with very little work to
be done on each iteration, therefore it too will not
be able to fill up the processor pipeline. Running the
loop traversal concurrently with the computation of
strlen could achieve higher utilization of the proces-
sor, leading to better performance.

It is very hard to write sequential code that will
enable parallelization at this level, because both parts
of the computation include complex branch patterns
and potentially high memory latencies. On the other
hand, spawning a thread for every computation of
strlen, or just using a second working thread that
would run these computations in parallel to the list
traversal, will incur overhead of thread creation and
synchronization which is by itself heavier than the
code in question.

To solve this problem, we need a threading mech-
anism with extremely low overhead of thread cre-
ation, synchronization, communication and switch-
ing. From the point of view of the operating system,
the mechanism must work transparently within the
context of a single OS thread. The processor would
provide several streams of control and issue their in-
structions in an interleaving fashion, eliminating the
need for context switch.

We call this mechanism Intrathreads, or inthreads
for short, to stress the fact that it works within the

2



processor.
The inthreads mechanism is simple and generic.

It defines only a few additional instructions and can
be implemented with little overhead in processor re-
sources. The focus of this paper is to study the
techniques that employ inthreads for optimization of
code.

The rest of this paper is organized as follows.
Section 2 describes the architectural changes neces-
sary for current processors to support intrathreads.
Section 3 provides examples of code transformations
that can take advantage of intrathreads and evaluates
their performance improvements. Section 4 discusses
the related works. Finally, we give our conclusions in
Section 5.

2 The Inthreads Architecture

An intrathread, or inthread, is a context of compu-
tation that participates in a control flow of a sin-
gle OS thread. The processor executes the active
inthreads concurrently by interleaving the issue of
their instructions. There is no context switch be-
tween the inthreads.

Furthermore, inthreads share the registers in the
register file. In this way, the shared registers can
be used for communication, similarly to the way the
shared memory is used in conventional concurrent
programming, but with much better bandwidth and
latency. This also offloads the traffic of inthread com-
munication from the memory subsystem.

Inthreads feature a synchronization mechanism,
consisting of a set of binary semaphores, which we
call condition registers. Operations are defined to
suspend an inthread execution until a certain con-
dition register is set, and to manipulate the state
(set/cleared) of condition registers.

In the suspended state, the inthread does not con-
sume any computational resources of the processor.
The processor avoids fetching its instruction until
some other inthread sets the necessary condition reg-
ister. Then, the processor resumes fetching and issu-
ing the suspended thread’s instructions and it joins
the computation.

Since the inthreads use shared registers for com-
munication, a memory consistency model must be de-
fined that governs the register accesses of different
inthreads. The model we use is Release Consistency
[9]. This model defines Release and Acquire seman-
tics for special operations. Informally, a Release op-
eration ensures that the results of all the operations
preceding it in the program order will be visible to
any following operation. An Acquire operation en-

sures that all the read operations following it in the
program order will see any update which precedes it.

In our case, starting an inthread and setting a
condition register have the Release semantics, and
waiting on the condition register has the Acquire se-
mantics. Together, they ensure that if two threads
synchronize through the condition registers mecha-
nism, all the updates performed by one of them will
be seen by the other one.

Note that inthreads do not replace other paral-
lelization mechanisms, such as Simultaneous Multi-
threading [5] or HyperThreading [7], but rather com-
plement them. These mechanisms enable concurrent
execution of different OS threads, while inthreads
parallelize the execution of a single OS thread.

The sharing of the register file and the absense of
the context switch makes inthreads extremely light-
weight, both in terms of the runtime overhead and of
the implementation in the hardware.

The amount of information necessary for imple-
menting an inthread context can be as low as one In-
struction Pointer register. Practically, the amount of
state necessary to achieve high performance of inth-
read instructions is higher, but still minor compared
to the processor itself. Due to the size restrictions
of this paper, we cannot discuss here the details of
inthreads implementation.

Since inthreads do not introduce any new com-
putational resources to the processor, they offer no
benefit for code that is fully utilizing the processor.
Instead, inthreads provide speedups by improving the
processor utilization, up to its maximal capability.
Therefore, a processor with inthreads capability can
utilize more computational resources for the same
computation. It can then make sense to include more
functional units or other resources in such processor.

The current specification of inthreads mechanism
has several important limitations. These limitations
reduce applicability in certain situations and will be
addressed as a part of the future research. In par-
ticular, we find that some features of the IA-64 [10]
architecture can be used for solving those problems.

The first limitation is concerned with the alloca-
tion of inthreads. With the OS threads, the software
can, using context switches, create any number of
threads requested by an application. In the hard-
ware, however, the number of inthreads that can be
supported is limited.

While some algorithms need only a few inthreads
and can adapt to any available amount, others may
not be that flexible. The study of different techniques
that utilize inthreads will provide the optimal number
of inthreads that has to be supported.
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In addition, as each inthread needs several dedi-
cated registers to perform its computation, the prac-
tical number of inthreads is also limited by the size of
the register file. Fortunately, modern architectures,
such as IA-64, feature large register files.

Another limitation is that inthreads are not trans-
parent with regard to function calls. In a regular pro-
cessor, a function can assume that it has exclusive
control over the register file. Therefore, if it needs
to modify some register transparently to the caller
function, it can save its contents in memory and then
restore it before the return. With inthreads, the as-
sumption is no longer true—other inthreads can be
active that access the same registers.

This limitation can be addressed by rotating regis-
ter windows in architectures like IA-64. When a func-
tion is called, a new frame is allocated for it from the
register file, and it can safely assume that no caller is
accessing these registers.

2.1 Extensions of the Instruction Set

The instructions added for inthreads support are it.-
start, it.kill, it.halt, it.wait, it.cond.set and it.cond.clr.
A set of one-bit condition registers is defined, and
used by it.wait, it.cond.set and it.cond.clr.

• it.start TID,OFF is a special kind of an uncon-
ditional branch instruction. It has two param-
eters: TID is the id of the thread to be created,
OFF is the offset to the instruction from which
the new inthread will begin execution. When
receiving this instruction, the processor starts
executing instructions in a context designated
by TID. If the context was active prior to exe-
cution of TID, its activity is aborted.

• it.kill TID deactivates the context designated by
TID. The corresponding inthread is effectively
killed.

• it.halt is issued by an inthread to halt itself.
This instruction deactivates the thread synch-
ronously, allowing all the instructions already
issued by it to complete. This instruction is
used by an inthread to stop itself when it com-
pletes its task.

• it.wait C checks the contents of the condition
register C. If the register is set, the instruction
proceeds and the register is cleared. If the reg-
ister is clear, the inthread that issued it is sus-
pended until some other inthread sets the reg-
ister. If several it.wait instructions try to access
the same condition register at the same time,

only one of them will succeed, and the rest will
be suspended.

• it.cond.set C and it.cond.clr C manipulate the
contents of a condition register C. it.cond.set
sets the value of the corresponding condition
register. If a it.wait instruction of some inthread
is suspended on register C, it is resumed and the
register is cleared again. it.cond.clr instruction
clears the corresponding condition register.

3 Code Transformations

In this section we show code examples and the trans-
formations that can be applied to them in order to
achieve parallelism. These examples show the wide
scope of concurrent programming techniques that are
applicable to inthreads.

The list of transformations presented here is by
no means complete. More concurrent programming
algorithms will be adopted to inthreads with time,
and more code patterns that allow parallelization will
be discovered. The study of these transformations is
one of the major goals of future research.

To evaluate the performance improvements offe-
red by the parallelizations, a simulator was imple-
mented based on the SimpleScalar software suite [3].
Our simulator models a superscalar, fully out-of-or-
der machine with a configurable number of instruc-
tions that can be issued during each cycle. The is-
sue width of the processor is shared among the ac-
tive inthreads. Due to space limitations, we cannot
present more details on the simulator here.

All the code transformations presented here have
been performed manually by changing the assembly
code produced by the compiler. Automatic genera-
tion of inthread-parallel code is a target for future
research.

Most of our examples consider optimization of a
loop with certain control and data flow structure. For
each one, we present the original code excerpt, the
transformed code and simulation results that evaluate
the potential speedup of the transformation.

The examples presented in this section are written
in pseudocode, where plain C code is interleaved with
the inthread-specific assembly commands. Note that
the code cannot be trivially compiled from C. The
reason is that inthreads running concurrently must
take care to use different registers from the register
file.
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3.1 Worker Pool

Consider the following code:

for(int i=0; i<size; i++) {

// perform the work on the chunk

}

If the iterations of a loop are completely indepen-
dent of each other, we can parallelize the loop by cre-
ating a pool of worker inthreads to perform the work
of different iterations in parallel. The main inthread
T0 runs the loop and produces the chunks of work
to be performed. Each one of the worker inthreads
T1 . . . Tn runs a loop in which it takes a chunk and
executes it.

To make sure no two inthreads try to work on the
same chunk, we use two condition registers C1 and
C2. The variable i is mapped to the same register for
both T0 and the worker inthreads. T0 signals that the
new value is available in the variable i by setting C1.
Then, one of the worker threads that was waiting on
C1 awakes and writes the value to its own register. It
then sets C2 to signal T0 that it can continue to the
next value of i.

The following pseudo-code describes the loop per-
formed by T0.

for(int i=0; i<size; i++) {

it.cond.set C1

it.wait C2

}

The following is the code performed by each one of
the worker inthreads. Note that except for the shared
variable i, all the rest of registers are different for all
the workers.

for (;;) {

it.wait C1

chunk = i

it.cond.set C2

// perform the work on the chunk

}

A code of the corresponding structure can be fo-
und in the 184.crafty benchmark of SPEC2000. Fig-
ure 2 shows the speedup achieved by the worker pool
optimization. The graph displays the speedup achie-
ved by using different number of worker inthreads
as it depends on the processor issue width. With
one worker, the code is only marginally faster than
the original because the bulk of work is not paral-
lelized. With several workers, the maximal obtain-
able speedup is linear in the number of workers.

Note that the more workers are used, the higher
is the issue width of the processor necessary to reach
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Figure 2: Results of the worker pool paralleliza-
tion.

the maximal speedup. This indicates that the opti-
mized version is able to utilize more of the resources
offered by the processor. Note that at extremely high
processor issue width the speedup is strictly linear in
the number of workers.

3.2 Loop pipelining

Consider the following code sample:

for(int i=0;i<size;i++) {

for(int j=0;j<size2;j++)

// perform work

}

In some cases, it can be found that the compu-
tation of iteration i, j of the inner loop is dependent
only on the iterations 1 . . . j − 1 of the previous iter-
ations of the outer loop.

Then, we can split the inner loop into n blocks
of fixed number of iterations. n worker intreads will
be allocated to perform the work, each one of its cor-
responding block. Each worker runs the same outer
loop, but in the inner loop the kth worker performs
only the kth block.

To keep the parallelized computation equivalent
to the original one, the kth worker must not begin
processing the ith iteration until the k − 1-th worker
completes its ith iteration. To achieve this, we use
two condition registers to perform the handshake be-
tween the kth and k + 1-th worker.

The following code outlines the implementation of
worker T0.

for(int i=0;i<size;i++){

for(int j=0;j<block0;j++) {

// perform work

it.cond.set C1

it.wait C2

}

}
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Figure 3: Speedup gained by loop pipelining.

The rest of the workers must handshake with both
the previous worker and the next one. The following
code outlines the implementation of worker T1.

for(int i=0;i<size;i++){

for(int j=block0;j<block1;j++) {

it.wait C1

it.cond.set C2

// perform work

it.cond.set C3

it.wait C4

}

}

For simplicity, we have omitted the code that handles
the setup and termination of the worker inthreads.

The performance of the loop pipelining transfor-
mation is very sensitive to the work distribution am-
ong the worker threads. The time required to perform
the parallelized loop is at least as long as the time of
any of the worker threads to perform its part of the
work. If the time is not divided perfectly equally, the
speedup will be sub-linear.

A loop of such structure can be found, for in-
stance, in the 256.bzip application of the SPEC2000
benchmark suite. Figure 3 shows the result of paral-
lelizing the loop by splitting it to a different number
of chunks.

3.3 Loop partitioning

In a more general case, each iteration of a loop can
consist of several blocks of varying size. Each one of
the blocks can include complex branching patterns
and have a varied-length loop by itself.

To parallelize such loops, we can use various com-
binations of loop pipelining and work pooling. In
some cases it may even be beneficial to group sev-
eral iterations of a loop into a unit of work, and then
execute the units of work on the pool.

To illustrate loop partitioning, consider again the
code in Figure 1. As stated before, the traversal of
the linked list can be executed in parallel with the
strlen calls. Moreover, different strlen calls are
independent from each other, therefore we can use
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Figure 4: Results of loop partitioning.

several worker inthreads to execute the calls concur-
rently.

Figure 4 shows the results of optimizing of the
code. The version with two inthreads simply uses
an additional inthread for the strlen calls. Further
speedup is obtained by using several worker threads
to perform the string length calculations. With five
worker inthreads, one for the linked list traversal and
four additional workers, the maximal possible speed-
up of about 3.7 is reached at the point when the
traversal becomes the computation bottleneck.

3.4 Speculative Computation

Speculative execution of instructions is one of the
more advanced techniques for improving instruction
latency tolerance in modern processors. With inth-
reads, entire blocks of code can be executed specula-
tively.

Consider two consecutive blocks of code B1 and
B2, where the decision to perform B2 depends on the
result of executing B1. B2 can be spawned in a new
inthread T1 which will start executing immediately.
When B1 is completed, then, depending on the out-
come of the computation, it either waits for the result
of B2 or kills B2 and continues.

To illustrate this technique, consider the following
loop. Two strings are compared to find the first place
where they do not match.

while (*scan && *++scan == *++match);

To parallelize the loop, we simply split it. First,
several iterations are performed in T0. The rest of the
iterations are performed speculatively in the worker
thread T1.

Figure 5 shows the result of parallelizing the func-
tion with varying number of iterations in T0. Five dif-
ferent input sets have been generated for the function.
In the first input set, all the strings have common
4-character prefix. In the second, all strings share
the same 3-character prefix, and there are 3 subsets,
where all strings in each subset have a common 4-
character prefix. The third input set has a common
2-character prefix with 3 subsets sharing a common
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Figure 5: Results of speculative execution. The
graphs correspond to the number of iterations
performed non-speculatively by T0.

3-character prefix, etc. Every string was compared
to every other string, and the average speedup was
measured on each input set.

Observe that running only one iteration in T0 will
always degrade the performance: because of the la-
tency of starting an inthread, T1 will not be able to
run in parallel with T0. Running 5 and more itera-
tions in T0 will degrade the performance too, since
the results of T1 are almost never used. However, in
cases where the execution of T0 is balanced with that
of T1, we can see the speedup. The maximal speedup
is 22%.

This example shows that inthreads can be ap-
plied at extremely low granularity. It also demon-
strates that speculative execution must be used with
great care. Because speculative execution involves
performing extra work which may be discarded, it
may sometimes lead to slowdowns.

To optimize the loop above effectively, the com-
piler must be able to infer the average number of the
iterations that the loop will perform. This can be
achieved with profile-guided optimization.

3.5 Other code transformations

We believe that the inthreads architecture is simple
and general enough to implement many of the algo-
rithms and patterns established in the field of con-
current programming. In addition, totally new tech-
niques can be developed that utilize the low level of
granularity offered by inthreads.

For example, consider a program that traverses a
search tree (or performs binary search on an array).

Normally, we compare a node n with the key, and
then descend to either n->left or n->right, depend-
ing on the outcome. With inthreads, we can run com-
parisons of n->left and n->right speculatively in
parallel to comparing n. When the comparison of n
finishes, we can decide on which of the speculative
executions was indeed the necessary one and spawn
two new inthreads to compute its sons speculatively.
The unnecessary speculative inthread is killed.
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Figure 6: Results of parallelization in SPEC
benchmarks.

Although one third of the work performed is wa-
sted, three inthreads are working all the time. Thus,
provided that the processor is wide enough, the total
speedup of the code could reach up to 2.

3.6 SPEC Benchmarks

As noted above, inthreads are beneficial only for code
that is otherwise unable to fully utilize the processor
resources. It is therefore important to evaluate which
fraction of time in standard programs can be paral-
lelized with inthreads.

To this end, we have explored several programs of
the SPEC2000 benchmark suite: 164.gzip, 184.crafty
and 256.gzip.

Since the compiler have not been implemented
yet, we applied the inthreading optimization only to
a single function in each benchmark and measured
the speedup of that function. In each case, we have
profiled the program and selected for optimization
the function with the highest percentage of the run-
ning time. In 164.gzip the selected function takes
about 40% of the execution time, and in 184.crafty
and 256.bzip the selected function takes about 20%
of the execution time.

For each function, one or more transformations
described in 3.1, 3.2, 3.3 and 3.3 have been applied.
The speedup factor ranges from about 1.2 for 164.gzip
to 2.0 for 184.crafty, which translates to up to 10%
speedup for the whole program. If the whole pro-
gram was optimized, we could expect better overall
speedups.

Figure 6 displays the results of optimization of all
the functions.

4 Related Work

The ideas implemented in the IA-64 architecture [10]
solve the problems of control and data dependen-
cies to some extent by using predicated execution
and speculative memory access instructions. These
mechanisms allow one to fold several paths of branch
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instructions into a single serial stream of computa-
tion that can be efficiently parallelized. However,
there are many cases in which the techniques em-
ployed in the IA-64 do not provide a solution. For in-
stance, predicated execution cannot handle jamming
together two independent loops of potentially differ-
ent lengths.

Simultaneous Multithreading [5] and its predeces-
sors [13, 12] provide mechanisms for sharing processor
execution resources between several threads to max-
imize resource utilization. Single Chip Multiproces-
sors [2] allow to build many processors on a single
chip, sharing many of the execution resources.

Most modern processors implement these tech-
niques to some degree: Alpha EV8, HP PA-RISC
8900, IBM Power4, Intel HyperThreading, AMD Sle-
dgeHammer. These architectures are similar to In-
trathreads in that they increase utilization of the
processor’s resources by sharing them among several
threads. However, the only communication and syn-
chronization mechanism available is still the main
memory. While it can be reasonably efficient for
synchronizing large chunks of computation, it is pro-
hibitively expensive for the kind of low granularity
communication that intrathreads need.

Many works attempt to provide necessary com-
munication and synchronization mechanisms to par-
allelize the computation.

Tullsen et. al. [14] describe a low overhead syn-
chronization mechanism for SMT processors. Though
similar to inthreads, this work opts for memory-based
locks and communication. This approach provides
for a good scalability, but requires more OS involve-
ment to manage. The main difference of inthreads is
the communication between threads through archi-
tectural registers. While having its own limitations,
our mechanism allows for the algorithms to be spec-
ified at lower levels.

Micro-threads [4] are similar to inthreads in that
they share the register file between different threads
and provide data synchronization. However, several
differences make them unsuitable for most of the tra-
nsformations presented in this paper. Most impor-
tant, micro-threads synchronize on the data registers
only and lack therefore the synchronization semantics
necessary for complex parallelization patterns.

Multiscalar Processors [8] support grouping of in-
structions into coarse-grain tasks. The processor can
then execute the tasks in parallel, handling depen-
dencies between them similarly to the way it handles
dependencies between individual instructions. With
Intrathreads, there is no division into tasks visible to
the processors. Instead, explicit synchronization in-

structions are used at software level, providing better
flexibility and more opportunities for parallelization.

Superthreaded architecture [11] supports a special
fork instruction that spawns a new thread of execu-
tion. The register file is copied on fork, allowing for
efficient data transfer to the spawned thread. Each
given thread can spawn an additional one only once,
thus converting the execution of the program into a
virtual pipeline. In contrast, Intrathreads feature free
communication between the threads, allowing for ap-
plicability in larger number of cases. In addition,
Intrathreads share a single register file, allowing for
a much simpler implementation.

The Weld architecture [6] spawns threads during
the program execution to tolerate long-latency in-
structions. All spawned threads are executed spec-
ulatively and merged later into the main computa-
tion. The architecture defines an additional bork in-
struction that is a combination of branch with a fork.
Upon executing this instruction, if an execution con-
text is available, the processor spawns a new thread
at the new address. This technique improves the par-
allelism only to a certain degree. Indeed, the authors
conclude that there is no significant benefit of using
more than two execution contexts per processor.

The Tera machine [1] can run massive numbers of
in-core threads simultaneously. The architecture de-
fines lightweight memory-based locking mechanisms
for thread synchronization. Unfortunately, program-
ming the machine requires the programmer to explic-
itly parallelize the computation into a high number
of threads.

5 Conclusion

In many cases of an “inherently sequential” code, it
turns out that the parallelism is just too low-level
to be expressed by means of concurrent program-
ming with threads, but too high-level to implement
in terms of a regular processor architecture. In such
cases, inthreads provide the middle layer between the
instruction-level parallelism and the thread-level one.

We have described the instruction set necessary
to implement inthreads and shown some of the code
transformations that use concurrent programming al-
gorithms and patterns to parallelise pieces of sequen-
tial code.

We have applied these transformations to some
synthetic benchmarks and also have shown that the
opportunities for these optimizations can be found in
some important parts of code in the SPEC bench-
mark suite. We have shown that such transforma-
tions can reach speedups almost linear in the degree
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of parallelization. However, inthreads are beneficial
only for code with low instruction-level parallelism.
Therefore, it remains to be seen how much speedup
can be gained by inthreads when applied to whole
programs.

A lot of research is still needed in the study of
inthreaded architectures. In particular, there is a
great challenge in the integration of compiler trans-
formations that will automatically produce inthread-
ed code.
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