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ABSTRACT
In simultaneous multithreading, several threads can is-
sue instructions in each processor cycle. A simple and
versatile timed Petri net model of simultaneous multi-
threading is proposed and is used to compare the per-
formance of architectures with and without simultane-
ous multithreading. Performance results are obtained
by event-driven simulation of net models and are veri-
fied by state–space–based analysis using combinations
of modeling parameters for which the state space re-
mains reasonably small.

INTRODUCTION

Continuous progress in manufacturing technologies
results in the performance of microprocessors that has
been steadily improving over the last decades, doubling
every 18 months (the so called Moore’s law [6]). At the
same time, the capacity of memory chips has also been
doubling every 18 months, but the performance has been
improving less than 10% per year [10]. The latency gap
between the processor and its memory doubles approx-
imately every six years, and an increasing part of the
processor’s time is spent on waiting for the completion
of memory operations [11]. Matching the performances
of the processor and the memory is an increasingly dif-
ficult task. In effect, it is often the case that up to 60 %
of execution cycles are spent waiting for the completion
of memory accesses [8].

Techniques which tolerate long–latency memory ac-
cesses include out–of–order execution of instructions
and instruction–level multithreading. The idea of out–
of–order execution is to execute, during the waiting for
the completion of a long–latency operation, instructions
which (logically) follow the long–latency one, but which

do not depend upon the result of this long–latency opera-
tion. Since out–of–order execution exploits instruction–
level concurrency using the existing sequential instruc-
tion stream, it conveniently maintains code–base com-
patibility [7]. In effect, the instruction stream is dynam-
ically decomposed into micro-threads, which are sched-
uled and synchronized at no cost in terms of execut-
ing additional instructions. Although this is desirable,
speedups using out–of–order execution on superscalar
pipelines are not so impressive, and it is difficult to ob-
tain a speedup greater than 2 using 4 or 8-way super-
scalar issue [12]. Moreover, memory latencies are so
long that out–of–order processors require very large in-
struction windows to tolerate them.

Although ultra–wide out-of-ordersuperscalar proces-
sors were predicted as the architecture of one-billion-
transistor chips [9], with a single 16 or 32-wide-issue
processing core and huge branch predictors to sustain
good instruction level parallelism, at present the indus-
try is not moving toward the wide–issue superscalar
model [1]. Design complexity and power efficiency di-
rect the industry toward narrow–issue, high–frequency
cores and multithreaded processors. According to [7]:
“Clearly something is very wrong with the out–of–order
approach to concurrency if this extravagant consumption
of on–chip resources is only providing a practical limit
on speedup of about 2.”

Instruction–level multithreading [3], [4] tolerates
long–latency memory accesses by switching to another
thread (if it is available for execution) rather than waiting
for the completion of the long–latency operation. If dif-
ferent threads are associated with different sets of pro-
cessor registers, switching from one thread to another
(called “context switching”) can be done very efficiently
[13].

In simultaneous multithreading [5], [7] several
threads can issue instructions at the same time. If a pro-
cessor contains more than one pipeline, or it contains
several functional units, the instructions can be issued
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Fig.1. Petri net model of a multithreaded processor

simultaneously; if there is only one pipeline, only one
instruction can be issued in each processor cycle, but
the (simultaneous) threads complement each other in the
sense that whenever one thread cannot issue an instruc-
tion (because of pipeline stalls or context switching),
an instruction is issued from another thread, eliminat-
ing ‘empty’ instruction slots and increasing the overall
performance of the processor.

The main objective of this paper is to study the per-
formance of simultaneously multithreaded processors in
order to determine how effective simultaneous multi-
threading can be. In particular, an indication is sought
if simultaneous multithreading can overcome the out–
of–order’s “barrier” of the speedup (equal to 2). A
timed Petri net [14] model of multithreaded processors
at the instruction execution level is developed, and per-
formance results for this model are obtained by event–
driven simulation of the net model. Since the model is
rather simple, simulation results can be verified (with
respect to accuracy) by state–space–based performance
analysis (for combinations of modeling parameters for
which the state spaces remains reasonably small).

SIMULTANEOUS MULTITHREADING

A timed Petri net model of a simple multithreaded
processor is shown in Fig.1 (as usually, timed transitions
are represented by solid bars, and immediate ones, by
thin bars). For simplicity, Fig.1 shows only one level
of memory; this simplification is removed further in this
section.

Ready is a pool of available threads; it is assumed that
the number of of threads is constant and does not change
during program execution (this assumption is motivated
by steady–state considerations). If the processor is idle
(placeNext is marked), one of available threads is se-
lected for execution (transitionTsel). Pnxt is a free-

choice place with three possible outcomes:Tst0 (with
the choice probabilityps0) represents issuing an instruc-
tion without any further delay;Tst1 (with the choice
probability ps1) represents a single-cycle pipeline stall
(modeled byTd1), andTst2 (with the choice probabil-
ity ps2) represents a two–cycle pipeline stall (Td2 and
thenTd1); other pipeline stalls could be represented in
a similar way, if needed.Cont, if marked, indicates
that an instruction is ready to be issued to the execu-
tion pipeline. Instruction execution is modeled by tran-
sition Trun which represents the first stage of the execu-
tion pipeline. It is assumed that once the instruction en-
ters the pipeline, it will progress through the stages and,
eventually, leave the pipeline; since these pipeline im-
plementation details are not important for performance
analysis of the processor, they are not represented here.

Done is another free-choice place which determines
if the current instruction performs a long–latency access
to memory or not. If the current instruction is a non–
long–latency one,Tnxt occurs (with the corresponding
probability), and another instruction is fetched for is-
suing. If long–latency operation is detected in the is-
sued instruction,Tend initiates two concurrent actions:
(i) context switching performed by enabling an occur-
rence of Tcsw, after which a new thread is selected
for execution (if it is available), and (ii) a memory ac-
cess request is entered intoMreq, the memory queue,
and after accessing the memory (transitionTmem), the
thread, suspended for the duration of memory access,
becomes “ready” again and joins the pool of threads
Ready. Tmem will typically represent a cache miss (with
all its consequences); cache hits (at the first level cache
memory) are not considered long-latency operations.

The choice probability associated withTend deter-
mines the runlength of a thread,ℓt, i.e., the average
number of instructions between two consecutive long–
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Fig.2. Petri net model of a multithreaded processor with a two–level memory

latency operations; if this choice probability is equal to
0.1, the runlength is equal to 10, if it is equal to 0.2, the
runlength is 5, and so on.

Proc, which is connected toTrun, controls the num-
ber of pipelines. If the processor contains just one in-
struction execution pipeline, the initial marking assigns
a single token toProc as only one instruction can be
issued in each processor cycle. In order to model a pro-
cessor with two (identical) pipelines, two initial tokens
are needed inProc, and so on.

The number of memory ports, i.e., the number of si-
multaneous accesses to memory, is controlled by the ini-
tial marking ofMem; for a single port memory, the initial
marking assigns just a single token toMem, for dual-port
memory, two tokens are assigned toMem, and so on.

In a similar way, the number of simultaneous threads
(or instruction issue units) is controlled by the initial
marking ofNext.

Memory hierarchy can be incorporated into the
model shown in Fig.1 by refining the representation
of memory. In particular, levels of memory hierar-
chy can be introduced by replacing the subnetTmem–
Mem by a number of subnets, each subnet for one
level of the hierarchy, and adding a free–choice struc-
ture which randomly selects the submodel according
to probabilities describing the use of the hierarchical
memory. Such a refinement, for two levels of memory
(in addition to the first-level cache), is shown in Fig.2,
whereMreq is a free–choice place selecting either level–
1 (submodelMem–Tmem1) or level–2 (submodelMem–
Tmem2). More levels of memory can be easily added
similarly, if needed.

The effects of memory hierarchy can be compared
with a uniform, non–hierarchical memory by selecting
the parameters in such a way that the average access time

of the hierarchical model (Fig.2) is equal to the access
time of the non–hierarchical model (Fig.1).

Processors with different numbers of instruction is-
sue units and instruction execution pipelines can be de-
scribed by a pair of numbers, the first number denot-
ing the number of instruction issue units, and the sec-
ond – the number of instruction execution pipelines. In
this sense a 3-2 processor is a (multithreaded) processor
with 3 instruction issue units and 2 instruction execution
pipelines.

For convenience, all temporal properties are ex-
pressed in processor cycles, so, the occurrence times of
Trun, Td1 andTd2 are all equal to 1 (processor cycle),
the occurrence time ofTcsw is equal to the number of
processor cycles needed for a context switch (which is
equal to 1 for many of the following performance anal-
yses), and the occurrence time ofTmem is the average
number of processor cycles needed for a long–latency
access to memory.

The main modeling parameters and their typical val-
ues are summarized in Tab.1.

Table 1: Simultaneous multithreading modeling param-
eters and their typical values

symbol parameter value
nt number of available threads 1,...,10
np number of execution pipelines 1,2,...
ns number of simultaneous threads1,2,3,...
ℓt thread runlength 10
tcs context switching time 1,3
tm average memory access time 5
ps1 prob. of one–cycle pipeline stall 0.2
ps2 prob. of two–cycle pipeline stall 0.1
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PERFORMANCE RESULTS

The utilization of the processor and memory, as a
function of the number of available threads, for a 1-1
processor (i.e., a processor with a single instruction is-
sue unit and a single instruction execution pipeline) is
shown in Fig.3.
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Fig.3. Processor (-x-) and memory (-o-) utilization for a
1-1 processor;lt = 10, tm = 5, tcs = 1

The asymptotic value of the utilization can be esti-
mated from the (average) number of empty instruction
issuing slots. Since the probability of a single–cycle
stall is 0.2, and probability of a two–cycle stall is 0.1, on
average 40 % of issuing slots remain empty because of
pipeline stalls. Moreover, there is an overhead oftcs = 1

slot for context switching. The asymptotic utilization is
thus 10/15 = 0.667, which corresponds very well with
Fig.3.

The utilization of the processor can be improved by
introducing a second (simultaneous) thread which issues
its instructions in the unused slots. Fig.4 shows the uti-
lization of the processor and memory for a 2-1 proces-
sor, i.e., a processor with two (simultaneous) threads (or
two instruction issue units) and a single pipeline.

The utilization of the processor is improved by al-
most 50 %, and is within a few percent from its upper
bound of 1.00 (or 100 %).

A more realistic model of memory, that captures the
idea of a two–level hierarchy, is shown in Fig.2. In
order to compare the results of this model with Fig.3
and Fig.4, the parameters of the two–level memory are
chosen in such a way that the average memory access
is equal to the memory access time in Fig.1 (where
tm = 5). Let the two levels of memory have access
times equal to 4 and 20, respectively; then the choice
probabilities are equal to 15/16 and 1/16 for level–1 and
level–2, respectively, and the average access time is:

4 ∗
15

16
+ 20 ∗

1

16
= 5.

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

u
ti
liz

a
ti
o

n

number of available threads

Processor and memory utilization (2-1)

Fig.4. Processor (-x-) and memory (-o-) utilization for a
2-1 processor;lt = 10, tm = 5, tcs = 1

The results for a 1-1 processor with a two–level mem-
ory are shown in Fig.5, and for a 2-1 processor in Fig.6.
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Fig.5. Processor (-x-) and memory (-o-) utilization for
a 1-1 processor with 2-level memory;lt = 10, tm =

4 + 20, tcs = 1

The results in Fig.5 and Fig.6 are practically the same
as in Fig.3 and Fig.4. This is the reason that the remain-
ing results are shown for (equivalent) one-level memory
models; the multiple levels of memory hierarchy appar-
ently have no significant effect on the performance re-
sults.

The effects of simultaneous multithreading in a more
complex processor, e.g., a processor with two instruction
issue units and two instruction execution pipelines, i.e.,
a 2-2 processor, can be obtained in a very similar way.
The utilization of the processor (shown as the sum of
the utilizations of both pipelines, with the values ranging
from 0 to 2), is shown in Fig.7.

When another instruction issue unit is added, the uti-
lization increases by about 40 %, as shown in Fig.8.
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Fig.6. Processor (-x-) and memory (-o-) utilization for
a 2-1 processor with 2-level memory;lt = 10, tm =

4 + 20, tcs = 1
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Fig.7. Processor (-x-) and memory (-o-) utilization for a
2-2 processor;lt = 10, tm = 5, tcs = 1
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Fig.8. Processor (-x-) and memory (-o-) utilization for a
3-2 processor;lt = 10, tm = 5, tcs = 1

Further increase of the number of the simultaneous
threads (in a processor with 2 pipelines) can provide
only small improvements of the performance because
the utilizations of both, the processor and the memory,

are quite close to their limits. The performance of the
system can be improved by increasing the number of
pipelines, but then the memory becomes the system bot-
tleneck, so its performance also needs to be improved,
for example, by introducing dual ports (which allow to
handle two accesses at the same time). The performance
of a 5-3 processor with a dual-port memory is shown in
Fig.9 (the utilization of the processor is the sum of uti-
lizations of its 3 pipelines, so it ranges from 0 to 3).
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Fig.9. Processor (-x-) and memory (-o-) utilization for
a 5-3 processor with dual–port memory;lt = 10, tm =
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Fig.9 shows that for 3 pipelines and 5 simultaneous
threads, the number of available threads greater than 6
provides the speedup that is almost equal to 3.

System bottlenecks can be identified by comparing
service demands for different components of the system
(in this case, the memory and the pipelines); the com-
ponent with the maximum service demand is the bottle-
neck because it is the first component to reach its uti-
lization limit and to prevent any increase of the overall
performance. For a single runlegth (of all simultaneous
threads) the total service demand for memory is equal to
ns ∗ tm, while the service demand for each pipeline (as-
suming an ideal, uniform distribution of load over the
pipelines) is equal tons ∗ ℓt/np. For a 4-2 processor,
the service demands are equal (such a system is usu-
ally called “balanced”), so the utilizations of both, the
processor and the memory, tend to their limits in a “syn-
chronous” way. For a 5-3 processor with a dual-port
memory, the service demand for the pipelines is greater
than the service demand for memory, so the number of
pipelines could be increased (by one pipeline); for more
than 4 pipelines, the memory again becomes the bottle-
neck.

CONCLUDING REMARKS

Simultaneous multithreading discussed in this paper
is a means to increase the performance of processors
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by tolerating long–latency operations. Since the long–
latency operations seem to be playing increasingly im-
portant role in modern microprocessors, so is simul-
taneous multithreading. Its implementation as well as
the required hardware resources are much simpler than
in the case of out–of–order approach, and the result-
ing speedup scales well with the number of simultane-
ous threads. The main challenge of simultaneous mul-
tithreading is to balance the system by maintaining the
right relationship between the number of simultaneous
threads and the performance of the memory hierarchy.

All presented results indicate that the number of
available threads, required for improved performance of
the processor, is quite small, and is typically greater by
2 or 3 threads than the number of simultaneous threads.
Performance improvement due to a larger number of
available threads is rather insignificant.

The presented models of multithreaded processors
are quite simple, and for small values of modeling pa-
rameters (nt, np, ns) can be analyzed by the explo-
rations of the state space. The following table compares
some results for the 1-1 processor:

number analytical simulated
nt of states utilization utilization
1 11 0.526 0.535
2 57 0.656 0.655
3 107 0.666 0.666
4 157 0.666 0.666
5 207 0.667 0.666

For the 3-2 processor, the comparison is:

number analytical simulated
nt of states utilization utilization
1 11 0.525 0.526
2 86 1.012 1.012
3 309 1.361 1.367
4 660 1.560 1.553
5 1,154 1.632 1.639

The results obtained by simulation of net models are
very similar to the analytical results obtained from the
analysis of states and state transitions. It should not be
surprising that for more complex models the state space
can become quite large, and then the event-driven simu-
lation remains the best approach to analysis of net mod-
els.
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