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Abstract. We address the problem of performance and power-efficient thread
allocation in a CMP. To that end, based on analytical model, we introduce a
parameterized performance/power metric that can be adjusted according to a
preferred tradeoff between performance and power. We introduce an iterative
threshold algorithm (ITA) for allocating threads to cores in the case of a single
application with symmetric threads. We extend this to a simple and efficient
heuristic for the case of multiple applications. We compare the
performance/power metric value of ITA with constrained nonlinear
optimization, pattern search algorithm and genetic algorithm. ITA outperforms
the best of these methods by 9%, while consuming on average 0.01% and at
most 2.5% of the computational effort.
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1 Introduction

The inherent scalability limitations of a single processor design combined with the
advancement of VLSI technology drove the introduction of chip multi-processors
(CMP). CMPs promise higher power efficiency, better performance and lower design
complexity. However, CMP architectures introduce new challenges associated with
thread level parallelism ([1],[2]). Today’s CMPs carry parallelism beyond the
traditional super-computing markets to notebooks, PDAs and other mobile devices
running a mix of applications and involving complex energy saving requirements.

In this paper, we address the problem of efficient allocation of applications and
threads to cores in a CMP, taking into account the desired tradeoff between
performance and power, unlike works which are limited to performance [5]-[7] or
power [8].

Our system includes a number of cores with a shared cache interconnected by a
network on chip (NoC) [2] (e.g. Piranha [3] and Nahalal [4]). The CMP executes
multiple multi-threaded applications and its cores perform coarse-grain
multithreading. For reducing power consumption, unused cores are shut down.
Varying conditions and battery levels may dynamically change the preferred balance
between performance and power and dictate changing targets for the threads
allocation solution.



To maximize the performance threads should be spread over many cores, which in
turn increases power consumption. On the other hand, running all threads in a single
core minimizes the power (since other cores are shut-down), but greatly impairs the
performance. Our algorithm for thread allocation utilizes the CMP resources in a way
that maximizes a performance/power metric that can be adjusted according to the
preferred balance between performance and power.

Fig. 1 presents a 9-cores CMP example (each core includes a private first-level
cache), connected by a NoC to a shared second-level cache. The CMP concurrently
executes four multi-threaded applications that need to be allocated to single-pipe
coarse-grain multi-threaded cores. Naturally, only a single thread can run at each core
at a given time. We assume that such a thread runs until it incurs a miss in its private
cache and then waits for the shared cache response. At that time, the core may
perform context switching to another ready thread (i.e., a thread that already received
its response from the shared cache). It is clear that the shared cache response time has
a major effect on the thread performance. The response time is the sum of the shared
cache access time and the NoC latency, which depends on the distance between the
corresponding core and the shared cache. Therefore, both the number of threads
allocated to each core and the location of these cores in respect to the shared cache are
important for the system performance.
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Fig. 1. Example of the thread allocation problem

Our goal is to find a thread allocation that maximizes a given performance/power
metric. Our performance model considers both communication delays between the
cores and the shared cache, and the core performance dependence on the number of
the threads it executes. Our power model considers both active and idle power of the
cores. Based on these models, a parameterized performance/power metric is defined,
which can be adjusted to the relative importance of performance versus power
consumption. We introduce an Iterative Threshold based thread allocation Algorithm
(ITA) that maximizes the performance/power metric for the case of a single
application with symmetric threads and is extended for the case of multiple
applications. ITA achieves better and faster results than standard optimization
algorithms.



Previous works have addressed somewhat related problems: [9] proposed thread
allocation that maximizes a performance/power metric while considering process
variations in the cores. However, their model is restricted to a single thread in each
core while our work deals with multi-threaded cores. Furthermore, unlike [9], our
work deals with shared memory architecture and considers the cache miss rate. [10]
introduced performance and power aware thread allocation for NoC-based CMP,
which attempts to optimize a "locality metric" of data accesses. In contrast, our work
uses explicit power and performance models, and introduces an adjustable metric for
thread allocation according to the relative importance of performance versus power.

The rest of this paper is structured as follows. Section 2 presents the performance
and power models and the performance/power metric. Section 3 introduces the single
application problem and the iterative algorithm for thread allocation and extends the
problem into the multiple applications problem. Section 4 presents numerical results
for both problems and demonstrate the efficiency of the algorithm for the case of
multiple applications relative to several standard optimization algorithms. Section 5
concludes the paper.

2 Power and Performance Models

[13] proposed a coarse-grain multi-threaded core model which we extend for our
analysis. We define N as the number of threads executed by a multi-threaded core ¢
with a first-level private cache and assume that all threads are independent of each
other. We define §; as the average number of core cycles between private cache
misses for thread j, i.e. §; = 1/(ry, ; - m.T1j), where 7;, ; is the ratio of memory access
instructions out of the total instruction mix and m. rj is the cache miss rate for thread

j. Also, we define T(“) as the cycles of core ¢ required to satisfy such a request from
the shared cache. For simplicity, at this point, we assume that T is fixed for all
threads. On average, thread j executes instructions for &§; cycles until it incurs a

private cache miss, and then waits for T cycles for the miss request to be satisfied
before it can execute more instructions. For simplicity, we assume that context
switches happen only at private cache misses and ignore the thread-switching cycles
and their associated power.

Generally, as the number of threads allocated over a core increases their miss rates
also increase due to the sharing effect. In this paper, for the sake of simplicity, we
assume that sharing does not affect the miss rates of the threads. This assumption is
reasonable in cases where the entire footprints of the threads are located on the private
cache and thus hold for a relatively small number of threads per core. In order to
quantify the validity range of this assumption, for each of the benchmarks presented
in [16] we simulated a single thread, measured its miss rate versus cache size by “pin
tool” and obtained its footprint size. Our results show that blackscholes has footprint
of 3kB, fluidanimate 7kB and freqmine 8kB. Therefore, such benchmarks satisfy our
assumption. Future work will address the case where the cache sharing effect cannot
be ignored.

Coarse-grain multi-threaded cores utilize cache access time by running other
threads. Fig. 2(b) shows that while thread 1 is waiting for its cache response, other (V-
1) threads are executed, and the total idle period decreases compared to Fig. 2(a).



Fig. 2(c) presents the case where thread 1 cannot be executed immediately when its
cache response arrives, because the other (M-1) threads didn't finish their execution.
This case is denoted as saturation of the core.
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Fig. 2. A single threaded core (a) vs. multi threaded core (b,c). Saturation of the core(c).

[13] assumes that all the threads are symmetric (i.e., the threads have the same
constant number of cycles between private cache misses). We extended the model for
asymmetric threads. Under the assumption that a context switch happens only at
private cache misses, when threads with different cache miss rates run in a multi-
threaded core, a cache response may arrive while another thread is running and waits
for its execution until the core becomes available. Assuming that thread 1 has the
largest value §; among all threads, we prove in [17] that the execution order of the
threads eventually reach a periodic steady state, in which thread 1 runs first and all the
other threads run after it with no gaps (see Fig. 3(a)). In the steady state, if the core is
not saturated, then thread 1 runs immediately after its cache response arrives, and any
other thread has to wait for its execution although its cache response has already
arrived.
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Fig. 3. (a) Steady state and the period time, (b) saturation threshold case



We define A© 2 max, <j<n{0;}, as the largest value of §; among all threads which
are executed by core c. Therefore, in the unsaturated steady state, the time between
executions of any thread j is T® + A(9). Core saturation happens when thread 1 has
to wait for execution after its cache response arrives. Therefore, saturation threshold
is defined as thgfl)t 2 T© + A©, Fig. 3(b) presents the saturation threshold case. In
saturation, the time between executions of thread j is }; ]-(6]-), and it exceeds thgg)t.

We define the performance of thread j in core c¢ as the percentage of time the thread
is executed and the utilization of core ¢, n©, as the busy time percentage of the core.
Therefore,
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The power consumption of core ¢ depends on its utilization, such as:
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Pyctive 1 the power consumption of a fully utilized core. In our model we also take
into account a possibly lower idle power consumption, P;;;., that may results from
power saving mechanisms in the processor during the idle time, such as clock gating
[14]. We assume that when the core has no active threads (i.e. its utilization equals
zero) it is shut down so its power consumption becomes zero. Therefore, the thread
allocation algorithm should shut down as many cores as possible and properly
utilizing all other cores in order to maximize the performance/power metric.

Our example for a NoC based CMP is depicted in Fig. 1. The system has several
cores with different distances from the shared cache. The distance from a core to the
shared cache affects the value of T(®, the number of cycles required to obtain a
response from the shared cache. Assuming that each hop has a constant latency
denoted by 7, we get:

TO =Toppe + hOT > th, £ TO L A =T+ hO7 4+ A© ()

Where, h(©) is the number of NoC hops from core ¢ to the shared cache.

Our definition of the tradeoff between performance and power follows definitions
used in logic circuit design. If E is the energy and t is the delay, [11] introduces the
E-t and E - t? metrics, extended by [12] to the metric E - t%, where a becomes
larger as the performance becomes more important.



. .. Average Performance®
The general performance/power ratio metric is:
Consumed PowerP

Given a CMP with M cores and N threads, our goal is to find the optimal threads
allocations which allocate each thread j to core ¢ such that the performance/power
metric is maximized. It can be easily shown that if f > a, the optimal allocation is to
allocate all threads in a single core. Therefore, similar to [12], we use f§ = 1and
a > 1. Consequently, PPM £ (Average Performance ).PPM stands for Performance

Power Metric.

Consumed Power

3 Problems Statements and Allocation Algorithms

3.1  The Single Application Problem

Given: A CMP with M identical cores and a shared-cache, which executes an
application with N symmetric threads(§; = §, V). h(® is the hop distance between

core ¢ and the shared cache. a — the relative importance of performance versus power
consumption (as bigger as performance is more important)

Find: Optimal thread allocation, n®) the number of threads are executed by core c.

Which: maximizes PPM = (

Average Performance“)
Consumed Power

Subject to: Y™, n© = N,n© > 0.
Where: a = 1

M (n(c)-ThreadPerformance(c))

Average Performance = /-,
N

(Thread Performance(© depicted by equation (6) )
Consumed Power = Zc:n(5)¢0(n(C) ’ Pa(give) + (1 - n(C)) ’ PLEicBa

(n‘© depicted by equation (7) )

With the assumptions above, the saturation threshold of core c, thgfl)t, and the
performance of each thread j running in core ¢ can be written as:
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Where n© indicates the number of threads executed by core c.
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th . .
When n(© < —;‘”, the core can execute more threads without performance reduction.
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When n© > %‘”, the core is saturated and achieves its maximum total performance.

The core utilization n© is calculated by:
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In the following we develop an efficient algorithm for the single application
problem termed Iterative Threshold Algorithm (ITA). ITA computes the (discrete)
number of threads that are executed by each core.

First, we assume that n(®) is a continuous variable. While this formulation is not
realistic, as threads cannot be split, it leads to a good approximation for a large
numbers of threads. This continuous version is entitled Continuous ITA (CITA).
CITA results should be discretized in order to get the ITA results.

We define a Distance Core Cluster (in short, a cluster) of distance d, noted as (2,4,
to be the group of all cores located d hops from the shared cache (.i.e., 0; =
{c|h(c) = d}). The number of cores in 2, is |,|. The algorithm starts to allocate
threads in cores that belong to the closest cluster (i.e., smallest d) and continues to
allocate threads to the closest unallocated clusters till the last iteration. In each
iteration, the algorithm allocates threads to a core only if its final utilization exceeds a
minimum utilization value termed MU.

The need for such a minimum utilization value stems from the following reason:
When a core is brought into operation it causes a minimal increase of P;4 in the
power consumption (see equation (3) ) that results in a reduction of the PPM.
Therefore, in order to justify this new core operation an appropriate minimal increase
in the performance metric is required. In order to compute MU, we compare the PPM
value of two cases. The two cases are either m over-saturated cores or m saturated
cores in exactly the saturation threshold and the (m+1)th core utilization equals MU.

This results in the following equation:

( m )“ ( m+MU )“
Amount of Threads — Amount of Threads (8)
m-Pgctive Mm-Pqctivet(Pactive—Pidie) MU+Piqie
PPM of the first case PPM of the second case
1 m(m+MU)*
MU= () [Puce (R0 ) ] 9
Pactive—Pidle active ma idle ( )
Using Taylor series approximation, we get:
(m + MU)% =~ m% + am®* MU + 0(MU?), and finally:
P<
MU =~ idle (10)
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Fig. 4 presents the PPM of the two cases in a CMP with two cores (¢ and ¢’) and
h© /5 threads in the second

symmetric threads. The steep drop in the PPM value for th,,



case is due to the increase of power by P4, (i.e. turning on the second core). When
the second core utilization equals to MU, the PPM values of the two cases are equals.
Therefore, the second core is brought to operation only if its utilization is at least MU.
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Generally, MU depends on m, number of already operating cores, (equation (9) )
however MU value changes by no more than 8% as m increases. Therefore, the
approximated MU of equation (10) is sufficient and offers a fast calculation
alternative for decreasing the allocation algorithm overhead. As « increases, the
weight of the performance metric increases that in turn decreases the value of MU.
This means that the algorithm brings cores into operation at a lower utilization and
therefore increases the performance at the expense of increasing the power.
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Fig. 5. Concise flow chart of CITA for single application problem



Fig. 5 depicts a flow chart of CITA for the single application problem. The concept
of CITA is to allocate threads cluster by cluster, starting from the cluster which is
closest to the cache. On each cluster CITA allocates threads core by core until at most
threshold saturation of the cores. Once a core is saturated, another core is assigned
only if its utilization would be at least MU. If not, the remaining threads may be
allocated in any of the operating cores .A detailed pseudo code is presented in [17].

3.2  The Multiple Applications Problem

Given: A CMP with M cores and a shared-cache, which execute P multi-threaded
applications with N; (1 < i < P) symmetric threads in each application, respectively
(i.e., the threads of application i have a constant number of cycles between private
cache misses, 8;). The hop distance between core ¢ and the shared cache is h(9). a —
the relative importance of performance versus power consumption (as bigger as
performance is more important)

Find: Optimal allocation of threads to cores, nl@ the number of threads of
application i are executed by core c.

. .. Average Performance®
Which: maximizes PPM = ( £ )

Consumed Power
Subject to: M. n = N;,n¥ 2 0; 1<c<M, 1<i<P.

Where: a = 1
P Y™ (n® - Thread;Performance )

Average Performance =

P

P N,

=1""1
(Thread;Performance(® depicted by equation (12) )
Consumed Power = z (n©@-PY. )+ (1 -3©)-PY)

c:ZlP=1 ngc) #0

(n© depicted by equation (13) )

The saturation threshold, thread performance and utilization for each core ¢ in this
case are:
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As in the single application case, we first use the continuous thread allocation
approximation. We calculate the minimum utilization required in order to justify
operation of a core, MU, in a similar way as in the single application problem (section
3.1).

Unlike CITA for a single application, which is based on the fact that th

same for all cores ¢ € (), in the multiple-application problem, thgfl)t depend both on

the hop distance to the shared cache and on the application with the lowest cache miss
rate allocated in core ¢ (maxj{6j|n]@ * 0}) (equation (11) ). Therefore, unlike the

single application case, in each iteration, CITA for the multiple applications problem
allocates threads in a single core. The solution space of the multiple application
problem is very large and increases exponentially with M, P and N;. It can be shown
that the optimization problem is not convex.

Fig. 6 depicts a flow chart of CITA for the multiple applications problem. CITA
concept is to allocate applications according to their cache miss rate such that
applications with a high miss rate are allocated to cores which are close to the shared
cache. The algorithm allocates threads core by core, starting from the cores which are
closest to the cache. Once a core is saturated, another core is assigned only if its
utilization would be at least MU. A detailed pseudo code is presented in [17].

The approach of CITA to allocate applications with higher miss rate closer to the
shared cache is in order to maximize the average performance. The higher the miss
rate of the threads, the bigger is the benefit in performance caused by allocating them
closer to the shared cache (see equations (11) & (12) ). Moreover, thgfl)t is affected by
the lowest miss rate among all threads which are executed by the core ¢ (see equation
(11) ). CITA minimizes its value and thus maximizes performance by minimizing the
differences of the miss rates of threads which are executed by each core.

Also, although our model doesn’t consider the power consumption of the NoC, this
approach minimizes it also. Threads with higher miss rate cause higher load on the
NoC. Therefore, reducing the number of NoC hops between those threads to the
shared cache results in minimum of the NoC power consumption.
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3.3  Discretization of CITA Result
As mentioned, CITA produces a continuous ngc), which is not a final solution to

our thread allocation problem, as threads cannot be split. Therefore we need to

convert every allocation vector of application i ngc), to a discrete vector. This

process converts the CITA results to the ITA results. We propose an example of a

method to convert the CITA results into a discrete allocation (i.e., ITA) by the
(©

following iterative discretization method, the method result example denoted by m; ™.

Vi mi(l) = round(ngl))

(14)
m® = round(round (X5, n{) - T¢im¥);2<c <M

The iterative algorithm above starts from the first core and in every iteration it
produces the discrete value of the threads are executed by the next core, it equals to



rounded value of the accumulated error between the continuous and the discrete
vectors, as described in equation (14) . This method is used for histogram
specification [15]. Of course, there are other possible methods to convert the CITA
results into the ITA results.
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Fig. 6. Concise flow chart of CITA for multiple applications problem

4 Numerical Results

4.1 Single Application Results

Fig. 7 presents several results of CITA and ITA for different numbers of threads in
a single application problem. The CMP in this example includes three cores with 1, 2
and 3 hop distances to the shared cache, respectively. Py, and P,.pe Values were
selected to be in the range of PowerPC440 and MIPS power consumption
specifications. It can be seen that when there are 6 or 11 threads to allocate (Fig.
7(a,c)), the CITA results do not conform to discrete values and the final results are
derived by finding discrete allocations close to the CITA results. In both cases the
discrete allocations are within 2-4% from the CITA results. The discretized results for
all cases are also the optimal allocation (computed over all possible allocations). In
the 9 threads case (Fig. 7(b)) the CITA, ITA and optimal results are identical. In this
case although the first two cores are saturated, the third core is shut down since there

are not enough threads to execute at least MU - thgz)t /6 threads by it, while the first

&5 and th'?) /8 threads respectively.
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Fig. 7. Single application results example

4.2  Multiple Applications Results

In order to evaluate our multiple-application solution, we compare CITA results
and run-time with several general-purpose optimization algorithms. The optimization
algorithms used are: a constrained nonlinear optimization, a pattern search algorithm
and a genetic algorithm (all from Matlab library). The optimizations algorithms were
executed for the continuous version of the problem and were not discretisized.
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Fig. 8 presents the ratio between the results of CITA and the best result among all the
optimization algorithms, for all cases in the range of 2-8 cores and 2-8 applications.



Each case was executed for 200 random instances of the problem and in each case the
CMP and application parameters were selected according to the distributions included
in Fig. 8. On average, CITA outperforms the best optimization algorithms by 9%.
Fig. 8 presents also the average number of cores operating by CITA and by the best
of the optimization algorithms for several cases. It can be seen that the PPM ratio is
higher as the difference between those values is higher. This occurs as the CMP load
is lower (i.e. there are more cores and less applications). On those cases CITA
operates on average significantly fewer cores relative to the optimization algorithms.
Fig. 9 demonstrates by an example the efficiency and the low computational
overhead of CITA. For a CMP with § cores and 4 applications, we calculated the
allocation using CITA, a constrained nonlinear optimization, a pattern search
algorithm and a genetic algorithm and compared them to a naive approach which
obtains a uniform utilization of the cores. CITA achieves the highest PPM percentage
improvement relative to the naive approach, with the fastest execution time.
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Fig. 9(a) presents the allocation results and cores utilizations according to the
constrained nonlinear optimization and pattern search algorithm. The genetic
algorithm allocation result allocates all applications to execute in the first core. Fig.
9(b) presents the allocation results and cores utilizations according to CITA, where
application 1 which has the highest cache miss rate is allocated to the core closest to
the shared cache and application 4 which has the lowest cache miss rate is allocated to
the remote core. Fig. 9(d) presents the PPM improvement relative to the naive
approach, and the number of execution lines required for the allocation calculation in
Matlab workspace. It can be seen that CITA achieves the highest improvement
relative to the naive approach with the lowest lines of execution.



4.3 Discretization Results

ITA results are drived by the discretization of CITA results. We use the
discretization method described by equation (14) . Fig. 10 presents the ratio between
ITA results and CITA results, for all cases in the range of 2-8 cores and 2-8
applications. Each case was executed for 10,000 random instances of the problem and
in each case the CMP and application parameters were selected according to the
distributions included in Fig. 8. On average, discretization of CITA results reduces the
PPM value by 5%.

Fig. 11(a) and Fig. 11(b) present an example of CITA and constrained nonlinear
optimization algorithm result discretization respectively. Fig. 11(d) presents the CITA
improvement relative to the optimization algorithms continuous results and also the
ITA improvement relative to the optimization algorithms discrete results. The relative
improvement doesn't decrement by much due to the discretization and offers a
realistic and efficient thread allocation.
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Fig. 11. Example of results discretization
Legend: C-Continuous result, D-Discretization of the continuous result



5 Conclusions

Assignment of threads to cores in a CMP according to desired performance/power
tradeoffs was accomplished by a computationally-efficient algorithm (ITA) which
achieves close to optimal results. ITA is guided by the characteristics of the problem,
such as core saturation threshold, core idle power, NoC hop delay, and the relative
importance of performance versus power.
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