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Abstract The advent of data proliferation and electronic devices gets low
execution time and energy consumption software in the spotlight. The key
to optimizing software is the correct choice, order as well as parameters of
optimizations-transformations, that has remained an open problem in compi-
lation research for decades for various reasons. First, most of the transforma-
tions are interdependent and thus addressing them separately is not effective.
Second, it is very hard to couple the transformation parameters to the pro-
cessor architecture (e.g., cache size) and algorithm characteristics (e.g. data
reuse); therefore compiler designers and researchers either do not take them
into account at all or do it partly. Third, the exploration space, i.e., the set
of all optimization configurations that have to be explored, is huge and thus
searching is impractical.

In this paper, the above problems are addressed for data dominant affine
loop kernels, delivering significant contributions. A novel methodology is pre-
sented reducing the exploration space of six code optimizations by many orders
of magnitude. The objective can be Execution Time (ET), Energy consump-
tion (E) or the number of L1, L2 and main memory accesses. The exploration
space is reduced in two phases. Firstly, by applying a novel register blocking
algorithm and a novel loop tiling algorithm and secondly, by computing the
maximum and minimum ET/E values for each optimization set.

The proposed methodology has been evaluated for both embedded and
general purpose CPUs and for seven well known algorithms, achieving high
memory access, speedup and energy consumption gain values (from 1.17 up to
40) over gce compiler, hand written optimized code and Polly. The exploration
space from which the near-optimum parameters are selected, is reduced from
17 up to 30 orders of magnitude.

Keywords code optimizations - data cache - register blocking - loop tiling -
high performance - energy consumption - data reuse
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1 Introduction

Although significant advances have been made in developing advanced com-
piler optimization and code transformation frameworks, current compilers can-
not compete with hand optimized code, especially for data dominant appli-
cations; compilers lack of efficient register blocking and loop tiling algorithms
which are the key to data dominant applications [9]. Writing efficient code is
a hard and time consuming task as the correct choice, order as well as param-
eters of optimizations for a specific code, are not efficient for another code,
CPU or even for a different input size.

To tackle the above problems, researchers propose heuristics [27], em-
pirical techniques [6], iterative compilation techniques [26], techniques that
simultaneously optimize only two transformations, e.g., register allocation and
instruction scheduling [49] and semi-automatic approaches such as Loopy [33],
POET [45], ChiLL [13] and Orio [18], where the programmer specifies a loop
transformation at a high level and it is then carried out automatically. The
most promising automatic approach is iterative compilation where many dif-
ferent versions of the program are generated-executed by applying a set of com-
piler transformations, at all different combinations/sequences. However, itera-
tive compilation is extremely expensive in terms of compilation time and there-
fore researchers and current compilers try to reduce it by using i) both iterative
compilation and machine learning compilation techniques [29] [5] [54] [38], ii)
both iterative compilation and genetic algorithms [26], iii) heuristics and em-
pirical methods [12], iv) both iterative compilation and statistical techniques
[17], v) exhaustive search [25]. However, by employing these approaches, the
remaining exploration space of code optimizations, i.e., the set of all opti-
mization configurations that have to be explored (optimization sets), is still
so large that searching is impractical. The end result is that seeking the opti-
mal configuration is impractical even by using modern supercomputers. This
is evidenced by the fact that most of the iterative compilation methods use
either low compilation time transformations only or high compilation time
transformations with partial applicability so as to keep the compilation time
in a reasonable level [22] [46]. As a consequence, a very large number of solu-
tions is not tested. This has led compiler researchers use exploration prediction
models focusing on beneficial areas of optimization space [14].

Unlike existing approaches, our method reduces the exploration space of six
code optimizations by many orders of magnitude and therefore it is practical
to be searched; thus, the quality of the end result is significantly improved. The
exploration space is reduced by i) taking into account the HardWare (HW)
architecture details, data reuse and arrays’ data access patterns, ii) addressing
several code optimizations together as one problem and not separately, as they
are interdependent.

The main steps of our methodology ! are as follows.

1 This is an extension of the conference paper ” A methodology for efficient code optimiza-
tions and memory management”, ACM International Conference on Computing Frontiers
2018
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First, the exploration space of code optimizations is reduced by providing
an efficient register blocking and loop tiling algorithms; these two algorithms
consist of a) loop unroll, scalar replacement, register allocation and b) loop
tiling, array copying, transformations, respectively. A unified framework is
proposed to orchestrate the aforementioned transformations, together as one
problem; the transformations are tailored to the target CPU HW details, data
reuse and data access patterns.

Afterwards, we provide formal methods describing a) the number of L1
data cache (L1dc), L2 cache (L2c) and Main Memory (MM), accesses and b)
the number of arithmetical instructions, as a function of the aforementioned
optimization sets, CPU details and algorithm’s input size.

Next, a Power consumption (P) model based on mecpat [30] simulator and
an Execution Time (ET) model extending C-AMAT [56] [51], are developed,
giving ETyax, ETvin and P (and as a consequence Energy Consumption
(E), as E = ET x P), as a function of the number of Lldec, L2c and MM
accesses and as a consequence to the aforementioned optimization sets, CPU
HW details and algorithm input size. Given that the maximum and minimum
values of ET/E are known for each optimization set, the exploration space can
be further reduced.

The proposed methodology has resulted in five contributions.

— A new approach applying code transformations by taking into account
the memory hierarchy HW architecture details and the application special
memory access patterns

— A single framework addressing the aforementioned transformations to-
gether as one problem and not separately

— Formal methods providing the number of memory accesses and arithmetical
instructions, as a function of the aforementioned optimization sets, HW
architecture details and algorithm input size

— Formal methods providing ET and P with the aforementioned optimization
sets, HW architecture and algorithm input size

— A direct outcome of the above is that the exploration space is reduced by
many orders of magnitude

The evaluation of the proposed methodology has been carried out by us-
ing a) the general purpose processor Intel i7 6700 CPU (using both normal
C-code and C-code with AVX intrinsics), b) the embedded ARM Cortex-A9
processor on a Zybo Zyng-7000 FPGA platform, ¢) the well-known gem5 [8]
and mcpat [30] simulators, simulating both a generic x86 and an ARMv8-A
CPU. The selected benchmark suite consists of seven well known data domi-
nant loop kernels taken from PolyBench/C benchmark suite version 4.1 [39].
Our obtained evaluation results are reported in terms of L1/L2/MM memory
accesses, arithmetical instructions, ET, P, E and exploration space.

The remainder of this paper is organized as follows. In Section 2, the related
work is reviewed. The proposed methodology is presented in Section 3 while
experimental results are discussed in Section 4. Finally, Section 5 is dedicated
to conclusions.
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2 Related Work

Iterative compilation methods provide the most promising approach towards
the code optimization problem. However, to the best of our knowledge, there is
no existing work facing all the transformations presented in this paper includ-
ing all different optimization sets, because the compilation time becomes too
large. Iterative compilation methods use either low compilation time transfor-
mations only or high compilation time transformations with partial applica-
bility so as to keep the compilation time in a reasonable level [22] [46] [23].
In [23], only one level of tiling is used with tile sizes from 1 up to 100 and
unroll factor values from 1 up to 20 (innermost iterator only). In [22], multiple
levels of tiling are applied but with fixed tile sizes. In [15], all tile sizes are
considered but each loop is optimized in isolation; loop unroll is applied in
isolation also. In [46], loop tiling is applied with fixed tile sizes. In [29] [2§]
and [50], only loop unroll transformation is applied. As a consequence, a very
large number of solutions is not tested. In [4], a survey on compiler opti-
mization techniques using machine learning is presented. In [36], sequential
analysis is combined with active learning to reduce the training samples. In
[5], a statistical methodology is applied to infer the probability distribution of
the compiler optimizations. In [53], they use MapReduce programming model
to speedup the iterative compilation process.

The phase-ordering problem is addressed in [34] [43] [2] [3]. In [2] predictive
modeling is used while in [3] machine learning. In [43], they construct good
optimization sequence sets which cover all the program classes in the program
space.

In [27], an artificial neural network is used to predict the optimization
sequence that is likely to be the most beneficial for a method. In [12], perfor-
mance counters are used to determine good compiler optimization settings. In
[54], a long-term learning algorithm is presented that determines the best set
of heuristics that a compiler can use to make decisions about which optimiza-
tions to enable and what values to assign to parameters, without any human
intervention.

The polyhedral model is a flexible and expressive representation for loop
transformations. In [42], a fundamental progress in the understanding of poly-
hedral loop nest optimizations is made. Polly is a high-level loop and data-
locality optimizer and optimization infrastructure for LLVM [16]. Pluto, which
is used by Polly, is an automatic parallelization tool based on the polyhedral
model [9]. [41] statically constructs a set of candidate program versions, con-
sidering the distinct result of all legal transformations in a particular class. In
[47], an iterative compilation framework that empirically autotunes the loop
tile size for many core CPUs is presented. Researchers also try to solve the
problem by using compiler transformations and the Polyhedral model [40] [55].

There has been significant research on reducing the number of data ac-
cesses in memory hierarchy by employing compiler transformations and most
commonly loop tiling [10] [20] [7] [57] [32]. PLuTo applies loop tiling trans-
formation to increase both the resulting parallelism and data locality [10].
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In [20], the target code is restructured such that the different cores operate
on shared data blocks at the same time. In [32], a cache hierarchy aware
tile scheduling algorithm is presented for multicore architectures targeting to
maximize both horizontal and vertical data reuses in on-chip caches. In [52],
an automatic data layout transformation is proposed.

Code optimizations are also used to reduce software energy consumption.
In [35] authors experimentally show that optimizing for performance through
compiler-driven software optimization as a means of optimizing for energy does
not always lead to the most energy efficient compiled functions/programs. In
[1], a survey about the energy reduction methods is given. In [48], a data
layout transformation technique that achieves energy efficiency by combining
the storage of data elements from multiple arrays is investigated. In [44], the
total energy is reduced by applying loop merge while satisfying performance
constraints for loop applications. In [37], several trade-offs during the loop
transformations are discussed. In [11], a technique that takes advantage of
both temporal locality and limited lifetime of the arrays for trading ET and E
by using Pareto points is presented. An incremental hierarchical memory-size
requirement estimation technique is given in [19].

Last, some important source to source annotated tools/frameworks are
found in the literature that help the user to apply code optimizations such as
Rose [31], Orio [18] and POET [45].

Unlike existing techniques, i) our approach narrows down the exploration
space by many orders of magnitude (without pruning efficient optimization
sets), ii) addresses several code optimizations together as one problem and
takes into account the HW architecture details, data reuse and memory access
patterns.

3 Proposed Methodology

In this paper, a novel methodology is presented that takes as input source
code and the underlying hardware architecture details and outputs another
optimized source code, in terms of either L1,L.2,MM accesses, Execution Time
(ET) or Energy consumption (E).

Regarding target applications, this methodology considers affine loop ker-
nels; it considers both perfectly and imperfectly nested loops, where all the
array subscripts are linear equations of the iterators. This method is applicable
to loop kernels containing SIMD instructions too (see evaluation in Section 4).

This method is applicable to all single-core and shared cache multi-core
CPUs. In this section, we explain our method for single core CPUs which
is applicable to shared cache CPUs too, by using the software shared cache
partitioning method given in our previous work [21]; no more than p threads
can run in parallel (one on each core), where p is the number of cores (single
threaded codes only).

An abstract representation of the proposed methodology is illustrated in
Fig. 1. First, all the characteristics of the loop kernels are extracted, i.e., array
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references, array subscript equations, loop iterators and bounds, and iterator
nesting level values.

Going from left to right in Fig. 1, in the first box (Subsection 3.1), we
provide an efficient register blocking algorithm where loop unroll, scalar re-
placement and register allocation are addressed together as one problem, and
an efficient loop tiling algorithm where loop tiling and array copying are ad-
dressed as one problem too. The transformations are carefully devised to fully
exploiting the Register File (RF) size, cache size, cache line size and associa-
tivity, data reuse and array data access patterns. One mathematical inequality
is extracted for each memory, including RF. Each inequality provides all the
efficient optimization sets. The implementations that do not obey to the ex-
tracted inequalities are automatically discarded by our methodology pruning
substantially the exploration space, while all the others are further processed.
Although it is impractical to run all the different optimization sets / binaries
in order to prove that our methodology does not discard efficient optimization
sets, a theoretical explanation is given in Subsection 3.2.

Regarding the second box (Subsection 3.3) in Fig. 1, for all the remain-
ing optimization sets, we approximate the number of L1 data cache (Lldc),
L2 cache (L2c¢) and Main Memory (MM) accesses as well as the number of
integer and Floating Point (FP) arithmetical instructions. This problem is
theoretically formulated by exploiting the memory HW architecture details
and the array memory access patterns of each loop kernel. In particular, one
mathematical equation is generated for L1dc, L2c, MM, integer and FP arith-
metical instructions, providing the corresponding number of memory accesses
and arithmetical instructions. Therefore, the solution offering the minimum
number of L1dc, L2c or MM accesses can be provided. It is important to note
that the separate memories optimization gives a different optimization set /
schedule for each memory and these schedules cannot coexist, as by refining
one, degrading another, e.g., the schedule minimizing the number of L2c ac-
cesses and the schedule minimizing the number of MM accesses cannot coexist.

Next, an Execution Time (ET) model extending C-AMAT [56] [51] and a
Power consumption (P) model based on mcpat [30] simulator, are developed.
These models correlate EThax, ETyrn and P (and as a consequence E, as
E = ET X P), to the number of memory accesses and arithmetical instructions,
which are derived by the second box in Fig. 1. Given that the maximum
and minimum values of ET and E are known for each optimization set, the
exploration space can be further reduced.

Finally, we can choose between a sub-optimum (good) solution fast or a
near-optimum solution in a reasonable amount of time. In Subsection 4.3, we
show that in the second case, we have to test from 46 up to 1800 binaries;
we show that the exploration space is reduced from 17 up to 30 orders of
magnitude and then it is practical to be searched.
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Output

Fig. 1 Flow chart of the proposed methodology

3.1 Reduce the exploration space of code optimizations

In this Subsection we provide an efficient register blocking and loop tiling
algorithm. The efficient application of loop tiling/blocking is not trivial and
normally many different implementations are tested, since it a) depends on
other transformations (e.g., array copying), b) depends on the target mem-
ory architecture details, data reuse and data access patterns, c¢) increases the
number of Load/Store (L/S) and arithmetical instructions. The application of
loop tiling for the Register File (RF) is even more complex (register blocking).
To our knowledge, no general (application independent) algorithm exists for
register blocking; it is a mixture of loop tiling/loop unroll, scalar replacement
and register allocation transformations. The efficient implementation of loop
tiling /blocking is the key to the high performance and low energy SoftWare
(SW), especially for data dominant applications [9].

The main steps of the proposed register blocking algorithm are the follow-
ing:

1. Generate the subscript equations of all arrays

2. Generate the RF inequality (Eq. 1) that provides all the efficient optimiza-
tion sets

3. Extract a transformation set from Eq. 1

4. Generate the code

Definition 1 Subscript equations which have more than one solution for at
least one constant value, are named type2 equations. All others, are named
typel equations.

For example, (A[2xi+j]) gives the following type2 equation (2xi+j = cl),
while (A[i][j]) gives the following typel equation (i = ¢21 and j = ¢22).

Each subscript equation defines the memory access pattern of the specific
array reference. Obviously, in our methodology typel and type2 arrays are
treated with different policies as they access data in different ways. In this
paper we give the formulas referring to typel subscript equations only, as the
corresponding formulas for type2 are more complicated (however, in Section
4 we have validated both).

source
code
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The RF inequality gives the exact loops that loop unroll is applied to,
their unroll factor values and the number of variables/registers allocated for
each array. Each subscript equation contributes to the creation of Eq. 1, i.e.,
equation ¢ gives Ar; and specifies its expression. The implementations that do
not obey to the extracted inequalities are discarded narrowing down the space
substantially. The RF inequality is given by

n+Se<Ary +Ars+ ...+ Arp, + Sc < FP (1)

where F'P is the number of the floating point (FP) registers, Sc is the num-
ber of FP scalar variables, Ar; is the number of variables/registers allocated
for each array and n is the number of the array references. Without any loss
of generality, in this paper we assume that the arrays contain FP data only
and therefore we assume that the number of integer variables used is smaller
than the number of integer registers. The upper bound of Eq. 1 derives from
the fact that if more registers than the available are used, data are spilled
to L1dc, increasing the number of L1 accesses. On the other hand, the lower
bound value has been chosen as small as possible, because other constraints
may be more critical; by using a larger lower bound value, register utilization
is increased and therefore the number of L1 accesses is reduced; however, these
optimization sets may conflict to those minimizing the number of MM or L2
accesses, which may be more critical.

The number of variables/registers allocated for each array is given by both
(Ar; = unry x unry) and the three bullets below (the bullet points are given
in order to assign variables according to data reuse). The integer (unrg/unry)
are the unroll factor values of the iterators in the (x,y) dimension of the array’s
subscript, e.g., the C[i][j] array in Fig. 2 gives (Arc =1 x4 =4) (rl —r4
variables) as the (i, j) iterator unroll factor values are (1,4), respectively.

— For the typel arrays which contain all the loop kernel iterators, only one
register is needed (Ar; = 1)

— For the innermost iterator always holds unr’ = 1 (the innermost iterator
cannot be unrolled at this stage - however it can be unrolled in the output
source code after)

— For the arrays i) containing more than one iterators and one of them is the
innermost and ii) all iterators which do not exist in this array reference
have unroll factor values equal to 1, then only one register is needed for
this array (Ar; = 1)

In the above three cases, a different element is accessed in each iteration (no
data reuse is achieved) and thus wasting more than one register is not efficient,
e.g., in Fig. 2, six registers are used, i.e., (Arc =1x4,Ary =1x1,Arg =1).
Note that Arp = 1 instead of Arp = 4 because of the 3rd bullet above (a
different element of B is accessed in each k iteration and therefore it is not
efficient to waste more than one register). Obviously, the scenario that not
even one iterator is unrolled is not acceptable.

Let us give an example, first box code in Fig. 2. Eq. 1 gives:
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C ] k ]
! \\ -
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Tilel Tile2 Tilel Tile2 '
\
\
i i K Tile2 & Tilel
// Input .Code_ //Aft-er r(-:gister blocking // After register blocking & loop tiling
for (lfO;I!fN;lf+) for ('=_0F '!_=NF H:*‘) //change data layout of A //change data layout of B
for (j=0ijt=Nij++) iy for (1=0; jl=N; j+=4) { cnt=0; for (ii=0;iil=N;ii+=KK)
for (k=Ojki=Nike+) 11 r1=0;r2=0;r3=0;rd=0;  igor (jj-gjjji=Njjje=kK) for (i ji+=4)
Clil[]+=Ali][k]*BK][];} 1 for (k=0; k!=N; k++) { for (i=0;il=N;i++) i
rSALIIE F6=BINIGE 1 for (j=jji=ji+KKi++) { i) {

Atr[cnt]=A[i][j]; cnt++; }  Btr[ent]=B[i][j]; cnt++; }
r1+=r5*%r6; r6=B[k][j+1];

r2+=r5*r6; r6=B[k][j+2]; /* Execute MMM */ cnt_2=0; cnt=0;

r3+=r5*r6; r6=B[K][j+3]; for (kk=0;kk!=N;kk+=KK){ //Tiling for L2

ra+=r5%r6; } for (ii=0;ii!=N;ii+=11){ cnt_1=cnt_2;//Tiling for L2
Clilljl+=r; Clillj+1]+=r2; for (jj=0;jj!=N;jj+=)}{  //Tiling for L1
C[i][j+2]+=r3; C[i][j+3]+=r4;}

Register blocking — r1-r6 registers

Tiling for L1 - only j is tiled r1=0;r2=0;r3=0;r4=0;
Ti’=1, because i has a smaller NLV than j for (k=kk;k!=kk+KK;k++){ r5=Atr[a]; r6=Btr[b];
Tj’=)), because j is tiled with tile size JJ
Tk’=KK, because k has a larger NLV than j rl+=r5*r6; r6=Btr[b+1];
To=TVXTY XAX2, Toy=TEXTK'XAX2, Toy=TK'XT] xdx1 r2+=r5*r6; r6=Btr(b+2];
r3+=r5*r6; r6=Btr[b+3];
Tiling for L2 —i and k are tiled ra+=r5*r6;
Ti”’=Il, because i is tiled with tile size Il b+=4; a++; }

Tj”’=)J, because jj has a smaller NLV than ii,kk
Tk’ =KK, because k is tiled with tile size KK
Teo=Ti"XTj""x4x2, Tp,=Ti"’XTK"'x4x1, Tg,=Tk"’xTj"’x4x2

Cli][jl+=r1; C[i][j+1]+=r2;
C[i][j+2]+=r3; C[i][j+3]+=r4;
}} ent_1+=KK *JJ; } } cnt_2+=KK * N; cnt+=N*KK; }

Fig. 2 An example, Matrix-Matrix Multiplication (MMM)

3 <unr; x unr; +unr; +unr; < FPunr; # 1&unr; # 1
3 <unrj+2 < FPunr; = 1&unr; >~ 1
3 <unr; +2 < FPunr; = 1&unr; » 1 (2)

The 3rd bullet generates 3 branches while the 2nd gives (unry = 1). The
code shown in the second box of Fig. 2 refers to a second Eq. 2 branch solution,
ie., (unr; =1 and unr; = 4) and therefore 6 registers are used.

The main steps of the loop tiling algorithm are similar to those of the
register blocking algorithm, but a cache inequality is generated instead (Eq. 3),
one for each cache memory; each inequality contains the iterators that loop
tiling is applied to, the tile sizes and the data array layouts (whether array
copying has been applied or not). The implementations that do not obey to
the extracted inequalities are automatically discarded by our methodology
pruning the space.

The cache inequality is formulated as:

m < [%] + ...+ [%W < assoc (3)
where T'ile; gives the tile size of the ith array in bytes, L; is the correspond-
ing cache size, assoc is the L; associativity value (e.g., for an 8-way associative
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cache, assoc = 8) and m defines the lower bound of the tile sizes and it equals
to the number of arrays in the loop kernel. The special case where the num-
ber of the arrays is larger than the associativity value is not discussed in this
paper (normally, (assoc > 8)). (f%}) is an integer representing the num-
ber of L; cache lines with identical cache addresses used for the tile of arrayl.
Eq. 3 satisfies that the array tiles directed to the same cache subregions do not
conflict with each other as the number of cache lines with identical addresses
needed for the tiles is not larger than the assoc value.

All the tile elements in Eq. 3 must contain consecutive MM locations. Oth-
erwise, array copying is applied and an extra loop kernel is added for each array,
likewise Atr and Btr arrays in Fig. 2; new arrays are created which replace the
default ones, leading to extra cost in L/S and arithmetical instructions. There
are some special cases where the arrays do not contain consecutive memory
locations but their layouts can remain unchanged in order to avoid the cost of
transforming the arrays, e.g., the tiles contain less or equal sub-rows than the
number of cache ways and each sub-row is smaller than the size of one cache
way; in this case, each sub-row is faced as a different tile.

T'ile; which contains consecutive MM locations is given by Eq. 4:

Tile; = (| max ([PAE2A] — [U=EERE ))) xcline x type x5 (4)
where the parenthesis gives the maximum size of the tile measured in cache
lines (although the array’s tiles are of equal size, they occupy a different num-
ber of cache lines), line is the cache line size in elements, type is the size
of the array’s elements in bytes and the integer s defines how many tiles of
each array should be allocated in the cache (s = 1 or s = 2). (T},T),) are
the tile sizes of the iterators in the (x,y) dimension of the array’s subscript
(for 1d arrays, Ty = 1), tiles is the number of tiles for array i in total and
(tiles = N/Ty x M/Tx) or (tiles = M/Tx) whether for 2D/1D arrays, re-
spectively ((N, M) are the iterators’ upper bound values).

Let us explain Eq. 4 through an example, consider an 1d array with
(Ty=1,Tx=25) and line = 16 elements. First, the actual size of the tile is
not 25 but 32, as the tiles are loaded in cache lines not elements. Second, the

first tile occupies ([22] — | 1%]) = 2 cache lines, while the second tile occupies
([23] — |22]) = 3 cache lines.

Regarding s in Eq. 4, for the tiles that do not achieve data reuse and as a
consequence a different tile is accessed in each iteration, we assign cache space
twice the size of their tiles (s = 2). This way, not one but two consecutive
tiles are allocated into the cache in order for the second accessed tile not to
displace another array’s tile.

T! ((Tz,Ty) in Eq. 4) is given by one of the following three:

— the L1 tile size of the i iterator, if tiling for L1 is applied to the i iterator

— the unroll factor value of the i iterator, if tiling for L1 is not applied to the
i iterator and i has a smaller nesting level value (NLV) than the iterator
being tiled for L1

— the upper loop bound value of i iterator, if tiling for L1 is not applied to
the i iterator and i has a larger NLV than the iterator being tiled for L1
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Assuming an 8-way 32kbyte Lldc and MMM (Fig. 2), Eq. 3 gives (3 <
[focglﬁ] + (i{éa + [ngfe] < 8). The (Tc1,Ta1, Tr1) values of the C-code shown
at the right of Fig. 2 are given in the bottom left box - to simplify the formulas,
we assume that (KK mod line = 0), (JJ mod line = 0); also, floating point
values are assumed, 4 bytes each (the NLV of k iterator is 6 while the NLV of
kkis 1).

In the shared cache case, L; in Eq. 3 is the corresponding shared cache
partition size used and each core uses only its assigned shared cache space.

We have implemented an automated C to C tool just for the seven studied

algorithms, but a general tool can be implemented by using POET [45] tool.

3.2 Reduction of the exploration space in Subsection 3.1 - optimality

Although it is impractical to run all different optimization sets in order to
prove that our methodology does not discard efficient schedules, a theoretical
explanation is given.

The key idea of register blocking / loop tiling is to exploit the available
registers / cache memory in order to reduce the number of data accesses to
the next level memory in memory hierarchy. The optimization sets that don’t
belong to Eq. 1, either use a larger number of registers than available or they
don’t take into account data reuse (and therefore registers are wasted). The
optimization sets that don’t belong to Eq. 3 either use larger tile sizes than
the cache or the tiles cannot remain in the cache. Thus, the optimization
sets that don’t belong to Eq. 1 and Eq. 3, refer to schedules where register
blocking and loop tiling have not been applied in an efficient way, increasing the
number of memory accesses in memory hierarchy. Although the optimization
sets in Eq. 1 and Eq. 3 do not always provide near-optimum performance,
as register blocking and loop tiling are not always performance efficient /
desirable, Eq. 1 and Eq. 3 do provide all the efficient register blocking and
loop tiling implementations, respectively. In other words, if the target metric
is to minimize the number of memory accesses, then the optimum solution will
be included in the corresponding inequality.

3.3 Approximate the number of memory accesses and arithmetical
instructions

Formal methods are delivered approximating the number of Lldec, L2c and
MM accesses as well integer and FP instructions to the optimization sets, HW
architecture and input size. This problem is theoretically formulated by ex-
ploiting the memory HW architecture details and the array memory access
patterns of each loop kernel. More specifically, one mathematical equation is
created for each memory and for each loop kernel providing the corresponding
value. Loop tiling and loop unroll transformations and input size, are inserted
directly to the aforementioned equations while array copying, scalar replace-
ment and register allocation transformations and the HW architecture, are
inserted indirectly (they have been used in order to create Eq.1-Eq.9).
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We are capable of approximating the number of memory accesses through
the whole memory hierarchy because no unexpected misses occur, as the tiles
fit and remain in the cache. This is because only the proposed tiles reside in
the cache, the tiles are written in consecutive MM locations, an empty cache
line is always granted for each different modulo and we use cache space for two
consecutive tiles and not one (when needed). Additionally,we refer to CPUs
with an instruction cache; in this case, the program code typically fits in L1
instruction cache; thus, it is assumed that the shared cache or unified cache (if
any) is dominated by data. Without loss of generality, this subsection assumes
2 levels of cache with equal line size and write-back write policy.

The equation approximating the number of Lldc accesses follows

i=arrays j=M

Ll.acc = ; (H %XHTkﬁ-offset)—i-var (5)
where arrays is the number of arrays, M is the number of the iterators
that control the corresponding array and P is the number of the iterators that
loop unroll has been applied to (iterators that exist in the subscript of the
corresponding array only), e.g., regarding the C' array in the code at the right
of Fig. 2, the first product of Eq. 5 refers to all the iterators but k (array
reference is outside k loop) while the second product refers to j iterator only.
(up,low,T) give the bound values of the corresponding iterator (normally,
(up,low) define the algorithm’s input size); T refers to both tile size and unroll
factor value according to the corresponding iterator.
of fset gives the number of L1 data accesses of the new loop kernel added
in the case the data array layout is transformed (array copying transformation
is applied). Offset is either (of fset; = 2 x ArraySize;) or (of fset; = 0)
depending on whether the data layout of the array is changed or not; in the
case that the layout is changed, the array has to be loaded and then written
again to memory, thus it is (of fset; = 2x ArraySize;). (var) gives the number
of L1 accesses due to the scalar variables; given that we never use more registers
than available, no RF spills occur and thus (var ~ 0).

. . . N3 N3
Eq. 5 for the C-code at the right of Fig. 2 gives (2 X &%, & ,N3) L1

accesses for (C, A, B) arrays respectlvely (C is both loaded and stored), and
in overall (Ll.acc =2 x £— 4+ &= —|—N3 +4 x N?).

As far as the number of L2c and MM accesses are concerned, they are
measured in cache lines not in elements. In this paper we give the formulas
referring to typel subscript equations only, as the corresponding formulas for
type2 are more complex; however, in Section 4 we have validated both.

The number of L2c accesses is approximated by Eq. 6; at this step, only
the new/extra iterators (introduced by loop tiling) are processed and not the
initial iterators exist in the input code.

L2_Acc. = Zﬁ:l"mys (times.accessed; x L2c.lines; + of fset;) + code (6)

where arrays is the number of the arrays, times.accessed; gives how many
times array 4 is accessed from L2c and is given by Eq. 8 and L2c.lines is the
number of L2c lines accessed for every ¢ and is given by Eq. 7 (although the
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array’s tiles are of the same size, they occupy a different number of cache lines).
of fset gives the number of L2c lines accessed because of the new loop kernel
added when array copying is applied (the data array layout is transformed)
and code refers to code/instruction accesses and always (Arrays-acc. > code)
as a) the code size of loop kernels is small and fits in L1 instruction cache, b)
we are dealing with data dominant algorithms.

j=M/T=

N i x T j—1 T
— X Ty x E (|'j X x] — L(j ) X xj), row-wise data array layout
Ty = line line
L2c.lines =
IS % (TexTy). (G —1) x (Tz x Ty)
> (= 1-1 : 1), tile-wise
= line line

(7)

where (Tx,Ty) are the tile sizes of the iterators in the (x,y) dimension

of the array’s subscript, respectively, (IV, M) are the corresponding iterators’

upper bounds (for 1D arrays Ty = 1), line is the cache line size in elements,

tiles is the number of tiles for array 7 in total and (tiles = N/Ty x M /Tx) or
(tiles = M /Tx) whether for 2D/1D arrays, respectively.

Let us give an example for the first branch of Eq. 7, consider a 2D floating
point array and a tile of size (10 x 10) traversing the array in the x-axis. Also
consider that (line = 16) array elements. The first tile occupies 10 x ([12] —
| ) = 10 cache lines while the second tile occupies 10 x ([23] — |19]) = 20
cache lines. Although the array’s tiles are of equal size, they occupy a different
number of cache lines. If the array in the previous example is written tile-wise
in MM, then the first tile lies between (0, 100), the second between (100,200)
etc.

times.accessed = Hgiiv (up; —low;) :_Fjl_owj) X Zziw 7(“”’“;51”’“) (8)
where N is the number of new/extra iterators (generated by loop tiling)
that a) do not exist in the corresponding array’s subscript and b) exist above
of the iterators of the corresponding array. M is the number of new/extra
iterators that a) do not exist in the array and b) exist between of the iterators
of the array, e.g., regarding (C, A, B) arrays in Fig. 2, the iterators referring
to the first and second product of Eq. 8 are (kk,none), (jj,none), (none, ii),
respectively, giving (%), (£;) and (&%), respectively.

The number of MM accesses is given by an equation identical to Eq. 6.
However, regarding times.accessed value in Eq. 8, we refer only to the iterators
created by applying tiling to the last level cache, e.g., regarding (C, A, B)
arrays of MMM (Fig. 2), the iterators referring to the first and second product
of Eq. 8 are (kk,none), (none,none), (none,ii), respectively, giving (tc =
=), (ta =1) and (tp = %), respectively.

In the case that more than one threads run in parallel under a shared cache,
the overall number of accesses is extracted by accumulating all the different
loop kernel equations. No more than p threads run in parallel, one to each
core, where p is the number of the cores. Different threads access only their
assigned shared cache space and thus different thread tiles do not conflict with
each other [21].
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The number of integer or FP instructions is approximated by:

‘ ' i=iterators j=t up; — low]-
Arith._instrs = ; (]1;[1 T X ¢j) + of fset (9)

where iterators is the total number of iterators and (up,low,T) are their
corresponding bound values, as in previous equations. c¢; is the number of
integer or FP assembly instructions measured inside j loop (assembly instruc-
tions occur between the open and close loop bracket). of fset is the number
of arithmetical instructions of the extra loop kernels added (if array copying
is applied, i.e., the array layouts change).

(Zz;zlteratOTS( ;;11 up; Tjow]
while ¢; gives the number of assembly instructions in loop j. Note that j
iterator varies from (j = 1 - it corresponds to the outermost iterator) to
(j = iterators - it corresponds to the innermost iterator), e.g., in Fig. 2, Eq. 9
gives (N/KK) x cl+ (N?/(KK x II)) x 2+ (N3/(KK x II x JJ)) x ¢3 +
(N3/(KK x JJ)) x c4 + (N3/(KK x 4)) x ¢5 + (N3/4) x ¢6); as it can be
observed, the number of arithmetical instructions is strongly affected by a)
the number of the loops being tiled (more terms are introduced), b) tile size
/ unroll factor values of the innermost iterators (here, the unroll factor value
of j, i.e., 4, affects the number of instructions at the most).

Given that the ¢ values depend on the target compiler, they cannot be ap-
proximated. Thus, we measure the ¢ values for one transformation set and pre-
dict the ¢ values of the others (where possible), e.g., in Fig. 2, the ¢ values (as-
sembly instructions) almost remain unchanged by changing the (KK, II,JJ)
values (apart from their maximum and minimum ones because in this case,
the number of the loops changes), but not by changing the (j) unroll factor
value or the number of the loops being tiled, because the loop body changes
and thus more/less assembly instructions are inserted.

We take advantage of the fact that the ¢ values almost remain unchanged
for different tile sizes, suffice the array layouts remain unchanged and the tile
sizes do not take their maximum/minimum values. In Subsection 4.1, we show
that we can approximate the number of arithmetical instructions with very
good accuracy, even using ’O2’ optimization level. The ¢ values for different
unroll factor values and data layouts are significantly changed and cannot be
predicted.

3.4 Execution Time (ET) model

) gives the number of loop iterations in total

Modern memory systems support concurrent data accesses at each layer of
the memory hierarchy and therefore the ET value cannot be given by the well
known AMAT model, but by its extension, i.e., C-AMAT [56] [51], where the
notions of hit/miss concurrency and pure miss, are introduced. A pure miss, is
a cache miss which contains at least one pure miss cycle, which is a cycle that
does not overlap with a hit cycle. The intuition behind pure misses is based
on the fact that not all cache misses will cause processor stall, but rather only
pure misses. So, according to C-AMAT, the access time of a single memory is
given by (H/Cy+(pMRxpAMP)/Cyr), where H and Cy are the hit latency
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Fig. 3 Simulated and approximated ET values for Matrix-Matrix Multiplication (MMM)
algorithm

and hit concurrency, pM R and pAM P are the pure miss rate and pure average
miss penalty and C}; is the average pure miss concurrency.

The parameter C'y represents hit concurrency, which results from multi-
port, multibanked and pipelined cache structures, while the parameter Cj,
represents miss concurrency, which results from nonblocking cache structures
and data prefetching; these parameters can also represent both hit concur-
rency and miss concurrency that result from processor ILP design techniques,
such as out-of-order execution and multiple issue pipelining. Furthermore, 1 <
Cu < Crmaz where (Cpyar = #cacheports x #cache.related.pipeline.stages)
and 1 < Cyr < Crrmazr where Chypmas is determined by the number of miss
status holding register (MSHR) entries.

C-AMAT cannot be used by our method in its current form as the number
of pure misses is unknown; thus we adopt C-AMAT’s idea and construct the
following formula to approximate the ET for data dominant loop kernels:

ET =~ Tdata ~ Ll.accgiLl.lat + L2.accc>;L2.lat + MM.ach]\C/éM.maz:.lat (10)
where (L1.lat, L2.lat, M M.maz.lat) are the L1,L.2 and maximum MM la-
tency values (L2.lat and M M.lat refer to the time needed for a whole cache
line to be loaded), ¢1 = Cy and (c2-¢3) give both hit and miss concurrency.
(c1-¢3) values depend on both HW and SW and (¢; > 1). The L1 and L2
latency values are constants while MM’s latency (M M.lat) is not (the reason
follows).

MM can be considered as a 2D array. M M.lat is mainly affected by a)
the time needed to find and activate the desired row (aka MM page), b) find
the desired column, ¢) transfer the desired word; keep in mind that if the
next desired word is a) the following, it is transferred at minimum cost, b) in
the same page, it is transfered at low cost, ¢) in another row, in great cost
as another row has to be decoded and activated. Although our methodology
optimizes MM accesses and therefore M M.lat value is kept low (on average),
we insert its upper bound in Eq. 10, i.e., M M.max.lat, and its lower values
are handled through c3.
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An analysis on which parameters affect (¢1-¢3) follows. The (c1-¢3) vary de-
pending on both HW and SW characteristics and therefore different processors
and different optimization sets give different (cl-c3) values. As it has briefly
explained above, the ¢3 value refers to both MM latency and concurrency and
therefore ¢3 depends on the data access patterns and on how arrays have been
stored into MM; accessing consecutive data and data from the same memory
bank gives a higher ¢3 value; moreover, by accessing consecutive data, the
HW prefetchers are enabled and therefore c3 is further increased. Regarding
c2, its value is increased when the tiles that reside in L2 are accessed multiple
times (reused) and when the L2 cache lines are utilized (spatial locality), as
the probability of fetching data from L2 when an L2 miss has been occurred is
increased. Furthermore, accessing consecutive cache lines enables the L1 HW
prefetchers (if any). Likewise, ¢l depends on data reuse in L1 but also on the
ratio between the L/S and array arithmetic (in this paper FP) instructions in
the loop kernel (L/S.ratio); high ratio values refer to low register usage and
Instruction Per Cycle (IPC) values and as a consequence to low cl values. The
L/S.ratio is affected by the register blocking algorithm applied in Subsection
3.1. It is important to note that all the optimization sets generated by Subsec-
tion 3.1 use consecutive MM locations, achieve data reuse and low L/S.ratio
values.

So, the key idea is that although (c1-c3) vary depending on both HW and
SW characteristics, their variation is low, as all the remaining optimization
sets used in Eq. 10: a) refer to the same CPU and MM, and loop kernel and b)
have similar data access behavior (consecutive data accesses, data reuse etc).
Given that first, ET ~ f(Ll.acec, L2.acc, M M.acc) and second, the number
of memory accesses have been approximated for each optimization set, the
(c1-¢3) values can be computed by measuring the ET value of three or more
optimization sets and solving the system of equations. The (c1-c3) values are
computed by using three or more samples (runs); as samples, we can chose
the ones achieving a very low Eq. 10 value, as they are more than likely to
belong to the final exploration space and thus tested/run anyway. We have
plotted Eq. 10 together with the simulated ET of different versions of seven
loop kernels on two different processors and the Eq. 10 follows the trend in
all cases; the algorithm giving the highest variation is MMM and is shown in
Fig. 3. In Subsection 4.2, we show that the percent error in Eq. 10 is about
11% on average and 23% at maximum. It is important to note that part of the
variation is because of the error occurred in computing the number of data
accesses (about 2%-3%).

To conclude, the ET values of the Subsection 3.1 binaries can be bounded
and generate ETyax/EThn values, as each point in Fig. 3 varies only be-
tween £23% (at maximum) and therefore the exploration space can be further
reduced (the scope of this paper is not to find the exact threshold value but
to showcase the methodology). Alternatively, we can select a "good’ optimiza-
tion set fast, without searching, by using Eq. 10 with median c1-c3 values, as
the aforementioned equation is a good metric to chose an efficient schedule
qualitatively.
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Last, in this paper we refer to algorithms whose ET mainly depends on the
number of data accesses, but Eq.10 can be extended to algorithms whose ET
value is affected by the number of arithmetical instructions too (approximated
by Eq.9).

L1 data cache power consumption model Power consumption models
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Fig. 4 Power consumption models

3.5 Power consumption (P) model

It is clear that the aforementioned transformations affect P in all the CPU
components and MM and thus a different P model is generated for each dif-
ferent CPU and MM. First, we made a detailed analysis on which parameters
affect P on each CPU component. L1dc and L2¢ P values are linear to the
number of Lldc/L2c accesses (approximated by Eq. 5 and Eq. 6) while af-
fected by the HW architecture set (cache size,cache line size, associativity,
number of banks, throughput, latency,output width, cache policy - Fig. 4).
Similarly, the DDR P values are linear to the number of MM accesses, while
affected by the number of memory controllers, number of channels, number
of ranks, block size, transfer rate, databus width etc. LoadQ/StoreQ P values
are linear to the number of L/S instructions (approximated by Eq. 5). The
ALU, instruction buffer and instruction decoder P values are linear to the
number of ALU instructions and total number of instructions (Eq. 9+Eq. 5),
respectively (Fig. 4). Second, an off-line training phase is applied for the target
CPU and MM, in order to generate the corresponding P equations; the custom
HW architecture is given as input to the mcpat [30] simulator and a number
of simulations takes place for different values of Lldc,L2¢c,MM accesses and
int, FP instructions. Although this work can be extended to take into account



18 Vasilios Kelefouras, Karim Djemame

more CPU components, in this paper, we approximate P by using Eq. 11; thus,
we do not take into account P on the renaming unit, instruction cache, RF,
TLBs, branch predictor and instruction scheduler.
P = Pr1(f(Ll.acc)) + Pr2(f(L2.acc)) + Popr(f(DDR.acc))+
Pr/s queue(f(L/S.instrs)) + Parv(f(ALU.instrs))+ (11)

Pinsthbuffer(f(inStTS)) + Pinst%decoder(f(inStrs))

The coefficients of Eq. 11 are derived by the custom CPU and MM charac-
teristics (off-line training phase). The independent variables of Eq. 11 are the
memory access and instruction values given in Subsection 3.3.

Regarding Energy consumption (E), it is the product of Eq. 10 and Eq. 11;
thus, if the target metric is E, we can either bound the new equation and
apply searching or select a ’good’ schedule qualitatively as in the previous
subsection.

Algorithm 1: Proposed Methodology

Step 1. extract SW characteristics
Step 2. apply proposed Register blocking algorithm
for (all different optimization sets (RF sets)) do
Step 3. apply loop tiling alg. to L1
for (all different optimization sets (L1 sets)) do
Step 4. apply loop tiling alg. to L2
for (all different optimization sets (L2 sets)) do
Step 5a. generate the memory access equations - Eq. 5-Eq. 8 (all memories)
Step 5b. compute the num of accesses in memory hierarchy
Step 6. arithmetical instructions
if (the num of arith. instrs cannot be predicted for the current set) then
generate output C code (from C to C) for the current set
generate assembly code - cross compile
measure the num of FP and integer assembly instrs (get the c values of Eq. 9)
else
predict the num of arith. instrs (Eq. 9)
end if
Step 7. compute the ET,PE values for the current set
Step 8. store only the best set(s) depending on the cost function
(ET,E,L1,L2,MM)
end for
change the nesting level values of the iterators generated in step4
end for
change the nesting level values of the iterators generated in step3
end for

3.6 Proposed framework - Putting it all together

The proposed methodology is given in Algorithm 1. All the steps have been
explained in the previous subsections. All different combinations of loop inter-
change are generated as it affects the proposed equations.

In the case that the target metric is not the ET or E but the minimum
number of L; memory accesses and therefore the minimum number of Lldc,
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L2c or MM accesses is requested, then Algorithm 1 is changed accordingly,
i.e., steps (1,2,5,8), (1,3,5,8) or (1,4,5,8) are executed only, respectively. It
is important to note that in this case the number of different optimization sets
that have to be further processed by Subsection 3.3 is smaller, i.e., the lower
bound values of Eq. 1 and Eq. 3 are no longer needed to be that small. For
example, by using a larger lower bound value in Eq. 1, register utilization is
increased and therefore the number of L1 accesses is reduced; however, as we
have already explained in Subsection 3.1, these optimization sets may conflict
to those minimizing the number of MM or L2c¢ accesses, which may be more
critical. Thus, if the binary achieving the minimum number of L1 accesses is
requested, there is no need to use such a small Eq. 1 lower bound value. The
same holds for L2c and MM too.
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Fig. 5 Validation of Eq.5-Eq.9

4 Experimental Results

The proposed methodology has been evaluated in terms of memory accesses,
arithmetical instructions, ET, P, E and exploration space. The experimen-
tal results are obtained by using a) gem5 [8] and McPAT [30] simulators,
simulating both a generic x86 and an ARMv8-A CPU b) the quad-core Intel
i7 6700 CPU (CentoS-7 OS) by using both normal C-code and hand written
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Fig. 6 Validation of the ET model in Subsection 3.4 - range between measured ET and
Eq.10

code with AVX extensions, ¢) the embedded ARM Cortex-A9 processor on a
Zybo Zynqg-7000 FPGA platform using petalinux OS. The gemb cache subsys-
tem consists of a 4K, 64 byte block, 8-way, dual-ported, 2 cycle L1 data and
instruction caches and a 16-way, 32KB L2, 20-cycle L2 cache. The gem5 simu-
lation results are forwarded as input to McPAT; McPAT provides dynamic and
leakage power values of both processor and main memory in detail. The energy
consumption is computed by (Etotar = (Paynamic + Pleakage) * Exec.time).

The bench-suite used in this study consists of seven well-known data domi-
nant static kernels taken from PolyBench/C benchmark suite version 4.1 [39].
These are: Matrix-Matrix Multiplication (MMM), Matrix-Vector Multiplica-
tion (MVM), Gaussian Blur (3 x 3 filter), Finite Impulse Response filter (FIR),
a kernel containing mixed vector multiplication and matrix addition (Gemver
- first loop kernel only), a multiresolution analysis kernel (Doitgen) and BiCG
sub Kernel (Bicg). The source code of the bench-suite used, is given in Fig. 7.
The kernels are compiled using gcc 4.9.4 and arm-linux-gnueabi-gcc 4.9.2 com-
pilers, for x86 and arm, respectively. The proposed method is compared to gcc
’03’ option as well as to hand written optimized code and Polly [16]. The
proposed methodology output C-codes are compiled with 'O2’ optimization
level in order to the compiler be less aggressive.

4.1 Validation of Eq.5-Eq.9

First, a validation on the number of L1, L2 and MM accesses is given and
in particular Eq.5-Eq.8, on gem5 simulator; the number of memory accesses
has been measured for different optimization sets and the maximum percent
error (error% = 122 eri";;’;i‘;l;;ﬁormcall % 100) values are shown (Fig. 5). The
proposed equations give from 2.2% up to 3.6% less accesses.

Second, a validation on the number of arithmetical instructions is given
(Eq. 9) for both normal C-code and hand written code with AVX instruc-
tions and 2 different compilers with both ’O1’ and "O2’ options (Fig. 5). The
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//MMM //MVM //FIR
for (i=0;i!=N;i++) for (i=0;i<M;i++) for(i=0;i<N;i++)
for (j=0;j!=N;j++) for (j=0;j<M;j++) for(j=0;j<M;j++)
for (k=0;k!=N;k++) Y[il+=AL1[1*X[1; out[i] +=in[i+]] * kernel[j];
Clil[j1+=AllKI*BIK](i];
//GEMVER //Diotgen
for (i=0;i<N;i++) for (r=0; r<N; r++)
for (j=0;j < N; j++) for (g=0; g<N; g++)

A[i][j] += ul[i] * vi[j] + u2[i] * v2[jl; for(p=0; p<N; p++)
for (s =0; s < N2; s++)

//Gaussian Blur sum[rl[a]lp] = sum(rl{allp] + Alrl[alls] * Cls][p];
for (row = 1; row < N-1; row++) {

for (col = 1; col < M-1; col++) {
tmp=0;
for (row2=-1; row2<=1; row2++) {
for (col2=-1; col2<=1; col2++) {
tmp += (image[row+row2][col+col2] * mask[1+row2][1+col2]);

} }
image2[row][col]=tmp/const;
} }
//MMM //Mvm //FIR
//B array has been transposed to column-wise for (i=0;i!=M;i++){ for(i=0;il=N;i++){
for (i=0;il=N;i++) numl=_mm256_setzero_ps(); numl=_mm256_setzero_ps();
for (j=0;j!=N;j++){ for (j=0;j<M;j+=8){ for(j=0;j!=M; j+=8 ){
ymmO= _mm256_setzero_ps(); num5=_mm256_load_ps(X +j); num5=_mm256_load_ps(kernel +j);
for (k=0;k!=N;k+=8){ num0=_mm256_load_ps(&A[i][j]); num0=_mm256_loadu_ps(in +i+j);
ymm1l=_mm256_load_ps( &Ali][k]); numl+=_mm256_mul_ps(numO,num5); numl+=_mm256_mul_ps(numO,num5);
ymm2=_mm256_load_ps( &B2[j][k]); } }
ymmO+=_mm256_mul_ps(ymm1,ymm?2); ymm2 = _mm256_permute2f128_ps(num1 ,num1,1); ymm2 = _mm256_permute2f128_ps(numl ,num1,1);
} numl =_mm256_add_ps(numl, ymmz2); numl=_mm256_add_ps(num1, ymm?2);
ymm2 =_mm256_permute2f128_ps(ymmoO , ymmO, 1); numl=_mm256_hadd_ps(num1l, num1); numl=_mm256_hadd_ps(numl, num1l);
ymmO = _mm256_add_ps(ymmO0, ymm2); numl =_mm256_hadd_ps(num1, num1); numl =_mm256_hadd_ps(num1, num1);
ymmoO = _mm256_hadd_ps(ymmO0, ymmO); xmm2=_mm256_extractf128_ps(num1,0); xmm2=_mm256_extractf128_ps(num1,0);
ymmO = _mm256_hadd_ps(ymmO0, ymmO); _mm_store_ss((float *) Y+i, xmm2); _mm_store_ss((float *) out+i, xmm2);
xmml=_mm256_extractf128_ps(ymmaO0,0) } }
_mm_store_ss((float *) &C[i][j], xmm1);
}
//Diotgen //GEMVER //Gaussian Blur
//Ctr array has been transposed to column-wise for (i=0;i!=N;i++){ for (i=1;i<N-1;i++) {
for (r=0; r <N; r++) xmml=_mm_load_ps1(ul +i); for (j=1;j < M-1; j++) {
for (=0; g<N; g++) xmm2=_mm_load_ps1(u2 +i); r0 =_mm_loadu_si128((__m128i *) &imagel[i-1][j-1]);
for (p=0; p<N; p++) { num3=_mm256_broadcast_ps(&xmm1); r0 = _mm_madd_epil6(r0,const0);
num3=_mm256_setzero_ps(); num4=_mm256_broadcast_ps(&mm?2); rl=_mm_loadu_si128((__m128i *) &imagel[i][j-1]);
for (s = 0; s < N2; s+=8){ for (j=0;j<N;j+=8){ rl =_mm_madd_epil6(rl,constl);
numl=_mm256_load_ps(&A[r][qlls]); numl=_mm256_load_ps(v1 +j); r2 =_mm_loadu_si128((__m128i *) &imagel[i+1][j-1]);
num2=_mm256_load_ps(&Ctr[s][p]); num2=_mm256_load_ps(v2 +j); r2 =_mm_madd_epil6(r2,const2);
num3+=_mm256_mul_ps(num1,num?2); num5=_mm256_mul_ps(num1,num3); r0 = _mm_add_epi32(r0,rl);
} num5+=_mm256_mul_ps(num2,num4); r2 =_mm_add_epi32(r2,r0);
ymm2 =_mm256_permute2f128_ps(num3 , num3,1); num6=_mm256_load_ps(&A[i][j]); rll =_mm_cvtepi32_ps(r2);
num3 =_mm256_add_ps(num3, ymm?2); nume6+=numS5; rll=_mm_hadd_ps(rll,ril);
num3 = _mm256_hadd_ps(num3, num3); _mm256_store_ps((float *) &A[i][j], num6); rll=_mm_div_ps(rll,const3);
num3 = _mm256_hadd_ps(num3, num3); 1} _mm_store_ss((float *) &image2[i][j], r11);
xmm2=_mm256_extractf128_ps(num3,0); o}

_mm_store_ss((float *)&sumlr][q][p], xmm2); }

Fig. 7 Source code used to evaluate the proposed methodology
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Table 1 Evaluation over gcc using gem5 and mcpat (MMM, MVM and FIR)

Instrs
DL1 acc.
L2 acc.
DDR acc.
cycles

E(total)
L2 (J)
DDR (J)
Instr.Buf(J)
Decoder(J)
DL1 (J)
LoadQ (J)
StoreQ (J)
Int.alu (J)
FP.alu (J)

Instrs
DL1 acc.
L2 acc.
DDR acc.
cycles

E(total)
L2 (J)
DDR (J)
Instr.Buf(J)
Decoder(J)
DL1 (J)
LoadQ (J)
StoreQ (J)
Int.alu (J)

Instrs
DL1 acc.
L2 acc.
DDR acc.
cycles

E(total)
L2 (J)
DDR (J)
Instr.Buf(J)
Decoder(J)
DL1 (J)
LoadQ (J)
StoreQ (J)
Int.alu (J)
FP.alu (J)

x86-N=192

gce best ET
4.99E4+07  3.52E+07
1.51E407  5.40E4-06
7.73E+06  1.13E+05
7.71IE+06  4.60E+04
2.04E-01 1.49E-02
8.86E-01 7.44E-02
8.99E-03 6.63E-04
4.04E-01 2.72E-02
5.67E-03 1.27E-03
7.72E-03 1.72E-03
6.89E-02 6.41E-03
3.72E-03 1.69E-04
6.90E-03 2.99E-04
2.83E-02 2.89E-03
1.17E-01 1.44E-02

x86-M=1008

gee best ET
6.18E+06  5.60E+06
2.10E406  1.39E+406
1.32E4+05  7.59E+404
6.38E+04  6.48E+04
7.75E-03 3.87E-03
3.37E-02 1.82E-02
3.43E-04 1.71E-04
1.43E-02 7.30E-03
3.35E-04 2.32E-04
4.54E-04 3.14E-04
3.11E-03 1.67E-03
7.02E-05 4.77TE-05
1.20E-04 8.44E-05
1.46E-03 7.34E-04

x86-(N=6000,M=1200)

gee best ET
5.77TE+07  3.92E+07
1.49E4+07  7.89E+06
9.30E4+05  4.86E+03
1.28E+403 1.27E+03
3.65E-02 1.36E-02
1.72E-01 7.10E-02
1.65E-03 5.95E-04
6.61E-02 2.46E-02
2.68E-03 1.39E-03
3.63E-03 1.88E-03
1.62E-02 6.77E-03
4.41E-04 2.23E-04
7.83E-04 4.10E-04
9.30E-03 3.09E-03
2.34E-02 1.38E-02

MMM
x86-N=360
gee best ET
3.28E+08  2.27E+408
9.94E4+07  3.43E+07
5.28E4+07  6.05E+405
5.46E406  2.28E+05
4.74E-01 8.86E-02
2.27E4-00 4.53E-01
2.34E-02 3.93E-03
8.83E-01 1.61E-01
3.14E-02 8.18E-03
4.25E-02 1.11E-02
1.81E-01 3.87E-02
1.69E-02 1.05E-03
3.25E-02 1.86E-03
8.74E-02 1.76 E-02
3.99E-01 9.15E-02
MVM
x86-M=4200

gee best ET
1.06E4+08  8.52E+407
3.64E407  2.09E4-07
2.22E406  1.37TE+06
1.55E406  1.37TE+06
1.34E-01 6.59E-02
2.54E4-00 3.07E-01
6.19E-03 2.89E-03
1.19E+00 1.25E-01
4.24E-02 3.50E-03
5.72E-02 4.75E-03
1.28E-01 2.73E-02
6.62E-03 8.16E-04
1.29E-02 1.46E-03
1.44E-01 1.09E-02
FIR
x86-(N=9000,M=1500)
gee best ET
1.08E+08  7.34E+407
2.79E4+07  1.48E+07
1.72E406  9.02E+03
1.89E4+03  2.02E+403
6.84E-02 2.54E-02
3.23E-01 1.33E-01
3.09E-03 1.11E-03
1.24E-01 4.60E-02
5.02E-03 2.60E-03
6.79E-03 3.51E-03
3.03E-02 1.26E-02
8.25E-04 4.18E-04
1.47E-03 7.67E-04
1.74E-02 5.77E-03
4.38E-02 2.59E-02

ARM-N=192

gee best ET
4.98E4+07 1.94E4-07
1.42E+07 8.37E4-06
7.28E4-06 1.62E+05
7.27E406 4.25E+04
1.91E-01 7.71E-03
5.38E-01 2.55E-02
8.43E-03 3.51E-04
3.79E-01 1.41E-02
4.70E-03 4.97E-04
6.55E-03 6.88E-04
6.29E-02 5.12E-03
3.96E-03 2.17E-04
7.42E-03 4.14E-04
5.22E-03 2.58E-04
2.40E-02 1.32E-03

ARM-M=1008

gee best ET
5.09E4+06 2.57E+06
2.04E406 1.20E4-06
1.29E+05 8.09E+04
6.39E4+04 8.09E+04
7.21E-03 3.24E-03
2.00E-02 9.44E-03
3.19E-04 1.42E-04
1.33E-02 6.22E-03
1.74E-04 1.14E-04
2.43E-04 1.59E-04
2.83E-03 1.36E-03
6.61E-05 5.79E-05
1.13E-04 1.07E-04
2.33E-04 1.00E-04

ARM-(N=6000,M=1200)

gee best ET
3.61E4+07 1.81E+407
1.44E+07 8.15E+06
9.30E+05 4.85E+03
1.30E+03 1.12E+03
1.54E-02 4.69E-03
4.92E-02 1.74E-02
7.25E-04 2.05E-04
2.79E-02 8.50E-03
1.22E-03 4.60E-04
1.69E-03 6.35E-04
9.15E-03 3.93E-03
3.76E-04 2.01E-04
7.12E-04 3.89E-04
7.63E-04 1.64E-04
2.20E-03 1.03E-03

ARM-N=360

gce best ET
2.81E408 1.47E407
9.36E+07 6.49E+06
5.00E+07 1.27E+05
2.95E+06 6.43E404
3.99E-01 6.51E-03
1.17E+00 2.15E-02
2.00E-02 3.03E-04
7.35E-01 1.21E-02
2.16E-02 3.83E-04
3.00E-02 5.30E-04
1.51E-01 4.44E-03
1.63E-02 1.70E-04
3.15E-02 3.22E-04
1.24E-02 2.19E-04
6.77E-02 1.05E-03

ARM-M=4200

gee best ET
8.82E4+07 4.49E+07
3.53E+07 2.09E4-07
2.22E4+06 1.36E+06
1.56E+06 1.36E+406
1.24E-01 5.47E-02
3.45E-01 1.58E-01
5.45E-03 2.40E-03
2.31E-01 1.05E-01
3.02E-03 1.78E-03
4.21E-03 2.48E-03
4.86E-02 2.31E-02
1.14E-03 8.08E-04
1.96E-03 1.47E-03
4.00E-03 1.71E-03

ARM-(N=9000,M=1500)

gee best ET
6.76E4-07 3.40E+4-07
2.71E+07 1.53E+07
1.74E+06 9.25E4+03
1.92E+03 2.05E4+03
2.87E-02 8.76E-03
9.16E-02 3.26E-02
1.35E-03 3.84E-04
5.18E-02 1.59E-02
2.30E-03 8.63E-04
3.18E-03 1.19E-03
1.71E-02 7.36E-03
7.08E-04 3.77E-04
1.34E-03 7.31E-04
1.42E-03 3.06E-04
4.10E-03 1.93E-03

number of integer instructions is measured for one transformation set and
then predicted for the others; we take advantage of the fact that the ¢ val-
ues almost remain unchanged for different tile sizes. The insertion of an extra
assembly instruction in the innermost/outermost loop body, leads to a sig-
nificant/meaningless error value in Eq. 9, respectively. ’O1’ option gives a
meaningless error in all cases. Regarding 'O2’ option, there is an extremely
small number of specific tile sizes that affect the innermost assembly loop ker-
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Table 2 Evaluation over gce using gemb and mcpat (Diotgen, Gemver and Gaussian Blur)

Instrs
DL1 acc.
L2 acc.
DDR acc.
cycles

E(total)
L2 (J)
DDR (J)
Instr.Buf(J)
Decoder(J)
DL1 (J)
LoadQ (J)
StoreQ (J)
Int.alu (J)

Instrs
DL1 acc.
L2 acc.
DDR acc.
cycles

E(total)
L2 (J)
DDR (J)
Instr.Buf(J)
Decoder(J)
DL1 (J)
LoadQ (J)
StoreQ (J)
Int.alu (J)
FP.alu (J)

Instrs
DL1 acc.

L2 acc.
DDR acc.

cycles

E(total)
L2 (J)
DDR (J)
Instr.Buf(J)
Decoder(J)
DL1 (J)
LoadQ (J)
StoreQ (J)
Int.alu (J)
FP.alu (J)

x86-N=96,N2=96

gee best ET
6.02E4+08  4.63E+08
1.82E+08 9.78E+07
9.50E4+07  7.81E+05
5.49E4+06  2.79E405
7.41E-01 1.74E-01
3.63E4+00  8.97E-01
3.74E-02 7.66E-03
1.37E4+00  3.16E-01
5.49E-02 1.67E-02
7.44E-02 2.25E-02
2.92E-01 8.55E-02
3.00E-02 2.74E-03
5.81E-02 5.01E-03
1.39E-01 3.82E-02

x86-N=408

gce best ET
1.75E+06  1.50E+06
6.77E4+05  4.69E+05
4.36E404  2.43E+4+04
2.07TE4+04 2.07TE+404
2.32E-03 9.71E-04
1.01E-02 4.70E-03
1.04E-04 4.42E-05
4.30E-03 1.86E-03
8.40E-05 5.81E-05
1.15E-04 7.87E-05
9.57E-04 4.66E-04
2.33E-05 1.49E-05
4.02E-05 2.73E-05
3.74E-04 1.52E-04
1.31E-03 7.78E-04

x86-N=362

gee best ET
1.89E+07  3.92E+06
2.41E4+06  6.06E405
4.07E4+04  2.93E+04
2.44E4+04 2.44E404
1.43E-02 2.92E-03
6.37E-02 1.33E-02
6.33E-04 1.36E-04
2.59E-02 5.41E-03
9.07E-04 1.44E-04
1.23E-03 1.95E-04
5.27E-03 1.14E-03
9.47E-05 2.84E-05
1.51E-04 4.89E-05
3.59E-03 4.08E-04
7.92E-03 2.23E-03

Diotgen
x86-N=96,N2=1008
gee best ET
6.25E4+09  4.95E+09
1.90E+09 1.05E+409
9.81E4+08  1.02E+07
9.80E4+08  7.85E+06
2.59E4+01  2.08E+400
1.13E+02 1.04E+401
1.14E+00 9.18E-02
5.12E401  3.80E+400
7.24E-01 1.78E-01
9.86E-01 2.41E-01
8.73E400  9.85E-01
5.02E-01 2.99E-02
9.35E-01 5.42E-02
3.52E4+00  4.38E-01

Gemver

x86-N=816

gee best ET
6.74E406  5.75E+06
2.71E406  1.87E+06
1.71IE+05 9.50E+404
8.33E4+04  8.94E+404
8.75E-03 3.81E-03
3.80E-02 1.84E-02
3.92E-04 1.72E-04
1.62E-02 7.31E-03
3.21E-04 2.21E-04
4.36E-04 2.99E-04
3.62E-03 1.80E-03
8.82E-05 6.08E-05
1.53E-04 1.12E-04
1.38E-03 5.52E-04
5.03E-03 3.14E-03

Gaussian Blur
x86-N="722

gee best ET
7.53E407  1.88E+07
9.62E4+06  2.61E+06
1.62E+05 1.17E+05
9.75E4+04  9.75E+404
5.58E-02 1.22E-02
2.50E-01 5.70E-02
2.48E-03 5.67TE-04
1.01E-01 2.26E-02
3.61E-03 7.27E-04
4.89E-03 9.86E-04
2.07TE-02 4.75E-03
3.72E-04 9.58E-05
5.94E-04 1.59E-04
1.42E-02 1.83E-03
3.13E-02 1.01E-02

ARM-N=96,N2=96

gce best ET
6.01E4+08  2.51E+08
1.72E+08 1.04E+08
8.95E407  7.81E405
5.48E4+06  2.77TE+05
6.97E-01 9.34E-02
2.07TE4+00  3.09E-01
3.50E-02 4.12E-03
1.29E400  1.70E-01
4.09E-02 6.46E-03
5.66E-02 8.94E-03
2.67E-01 6.03E-02
2.89E-02 2.64E-03
5.59E-02 5.04E-03
2.30E-02 3.31E-03

ARM-N=408

gece best ET
1.51E406  9.51E405
6.69E4+05  3.92E4-05
4.39E4+04  2.59E+404
2.07TE4+04 2.07TE4-04
1.98E-03 6.21E-04
5.43E-03 1.93E-03
8.86E-05 2.83E-05
3.67E-03 1.22E-03
4.92E-05 2.90E-05
6.86E-05 4.02E-05
8.10E-04 3.10E-04
2.08E-05 1.10E-05
3.63E-05 2.05E-05
6.02E-05 1.92E-05
2.18E-04 9.19E-05

ARM-N=362

gee best ET
1.49E+07 3.01E+06
2.59E4+06  5.28E+4-05
4.08E4+04 2.91E+04
2.43E404  2.43E+404
6.55E-03 1.60E-03
1.97E-02 4.87E-03
2.95E-04 7.76E-05
1.20E-02 3.00E-03
4.21E-04 7.50E-05
5.82E-04 1.04E-04
2.82E-03 8.39E-04
8.93E-05 1.65E-05
1.61E-04 2.82E-05
2.97E-04 4.86E-05
8.50E-04 2.39E-04

ARM-N=96,N2=1008

gce best ET
6.25E4+09  2.68E+09
1.79E+09 1.11E+09
9.23E4+08  1.04E+07
9.23E408  7.86E4-06
2.44E4+01  1.19E+00
6.84E4+01  3.81E+00
1.07TE+00  5.27E-02
4.83E4+01  2.18E+00
5.84E-01 6.93E-02
8.13E-01 9.60E-02
8.00E4+00  7.25E-01
4.92E-01 2.89E-02
9.20E-01 5.46E-02
6.64E-01 4.04E-02

ARM-N=816

gce best ET
6.00E4+06  4.02E+06
2.67E4+06 1.67TE+06
1.71E4+05 1.07TE+05
8.33E+04  8.33E+04
7.81E-03 2.36E-03
2.15E-02 7.56E-03
3.49E-04 1.08E-04
1.45E-02 4.65E-03
1.96E-04 1.26E-04
2.73E-04 1.75E-04
3.20E-03 1.23E-03
8.23E-05 4.89E-05
1.44E-04 9.16E-05
2.38E-04 7.64E-05
8.65E-04 3.60E-04

ARM-N=T722

gee best ET
5.96E+07  1.20E+07
1.04E+07  2.10E+06
1.62E+05 1.24E+05
9.74E4+04  9.74E+04
2.53E-02 5.84E-03
7.69E-02 1.83E-02
1.14E-03 2.86E-04
4.62E-02 1.10E-02
1.68E-03 3.43E-04
2.33E-03 4.75E-04
1.11E-02 3.08E-03
3.55E-04 6.44E-05
6.43E-04 1.14E-04
1.17E-03 1.87E-04
3.32E-03 9.63E-04

nel code and as a consequence the error values. This disunion refers only to
cases that the tile size of the innermost iterator is twice its minimum value;
in that case the compiler is likely to fully unroll that loop, affecting the code.
Thus, this case has to be included to the first branch in Step 6 (Algorithm 1).
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Table 3 Evaluation over gcc and hand written AVX code on 2 real processors

Binaries
default-inl
best ET-inl
best E-inl
default-in2
best ET-in2
best E-in2

default-inl
AVX-inl
best ET-inl
best E-inl
default-in2
AVX-in2
best ET-in2
best E-in2
default-in3
AVX-in3
best ET-in3
best E-in3

Binaries
default-inl
best ET-inl
best E-inl
default-in2
best ET-in2
best E-in2

default-inl
AVX-inl
best ET-inl
best E-inl
default-in2
AVX-in2
best ET-in2
best E-in2
default-in3
AVX-in3
best ET-in3
best E-in3

MMM - ZYBO
in1-N=1200, in2-N=1800

ET (sec) P (W) E (J)

3.48E+01 5.00E-01 1.74E4-01
4.41E+00  4.75E-01 2.09E+00
5.40E4+00  3.75E-01 2.03E+00
1.38E+4-02 4.80E-01 6.62E+01
1.55E4+01 5.00E-01 7.75E+00
1.79E+01 3.80E-01 6.80E+00

MMM - i7
in1-N=1920
in2-N=3960, in3-N=8000
1.11IE400 4.75E4-01  5.27E401
9.70E-01 4.70E4+01  4.56E401
2.50E-01 4.60E4+01 1.15E4-01
2.57E-01 4.45E4+01  1.14E401
9.92E+00 4.80E+01 4.76E402
8.90E+00 4.66E4+01 4.15E402
2.30E+00 4.60E4-01  1.06E+402
2.40E+00 4.39E401  1.05E+402
8.53E4+01 4.73E+01  4.03E+403
7.51E+01 4.70E4+01  3.53E+03
1.90E401  4.62E+01  8.75E4-02
1.90E4-01  4.62E+01  8.75E+02
FIR - ZYBO

in1-[N=16032, M=2000]
in2-[N=32064, M=8000)

ET (sec) P (W) E (J)

2.50E-01 5.50E-01 1.38E-01
1.00E-01 5.00E-01 5.00E-02
1.00E-01 5.00E-01 5.00E-02
1.98E4-00 5.75E-01 1.14E4-00
8.20E-01 5.00E-01 4.10E-01
8.60E-01 4.75E-01 4.09E-01

FIR - i7

in1-[N=64032, M=4000]
in2-[N=128064, M=8000]
in3-[N=256128, M=16000]

3.36E-02  4.43E+01  1.49E+00
3.18E-02  4.45E401  1.42E400
8.50E-03  4.72E4+01  4.01E-01
8.50E-03  4.72E+01  4.01E-01
1.33E-01  4.45E401 5.94E4-00
1.30E-01  4.43E4+01 5.76E+00
3.42E-02  4.70E4+01  1.61E+00
3.42E-02  4.70E4+01  1.61E+00
5.32E-01  4.41E401 2.35E401
5.30E-01  4.45E4+01 2.36E+401
1.36E-01  4.68E401  6.3TE+00
1.36E-01  4.68E+01  6.37TE+00

MVM - ZYBO
in1-M=3900, in2-M=7800

ET (sec) P (W) E (J)

1.18E-01 4.00E-01 4.72E-02
5.50E-02 3.35E-01 1.84E-02
5.50E-02 3.35E-01 1.84E-02
4.70E-01 4.10E-01 1.93E-01
2.20E-01 3.50E-01 7.70E-02
2.20E-01 3.50E-01 7.70E-02

MVM - i7
in1-M=4032
in2-M=8064, in3-M=16128

1.66E-02 4.22E+01 7.01E-01
2.00E-03 4.58E+01 9.16E-02
9.40E-04  4.80E+01 4.51E-02
9.40E-04  4.80E+01 4.51E-02
1.02E-01 4.18E+01  4.25E4+00
8.43E-03  4.67TE+401 3.94E-01
3.30E-03  4.92E+01 1.62E-01
3.30E-03  4.92E+01 1.62E-01
2.70E-01 4.27E+01  1.15E401
3.40E-02  4.60E+01  1.56E4-00
1.50E-02  4.84E401 7.26E-01
1.50E-02  4.84E401 7.26E-01

Doitgen - ZYBO
in1-[N=100,N2=1008]
in2-[N=256,N2=256]

ET (sec) P (W) E (J)

1.07E4-01 5.00E-01 5.35E+00
3.00E-01 4.50E-01 1.35E-01
3.20E-01 4.15E-01 1.33E-01
3.90E+01 5.00E-01 1.95E401
1.60E+4-00 4.25E-01 6.80E-01
1.60E+4-00 4.25E-01 6.80E-01

Doitgen - i7

in1-[N=504,N2=1008]
in2-[N=504,N2=504]
in3-[N=100,N2=1008

1.81E401  4.77TE+01  8.63E+402
1.86E4+01 4.74E4+01  8.82E+402
4.54E400 4.69E401  2.13E+02
4.66E4+00 4.56E401  2.12E+02
8.90E+00 4.81E+01 4.28E+402
6.82E+00 4.68E4+01  3.19E402
2.38E+00 4.55E401  1.08E4-02
2.38E+00 4.55E401  1.08E4-02
3.34E4+00 4.79E+01 1.60E+02
3.656E4+00 4.72E401  1.72E402
9.00E-01  4.70E401  4.23E401
9.30E-01 4.54E+01  4.22E4-01

Gemver - ZYBO
in1-N=2000, in2-N=4000

ET (sec) P (W) E (J)

1.25E-01  5.50E-01 6.88E-02
5.30E-02  5.00E-01 2.65E-02
5.30E-02  5.00E-01 2.65E-02
4.90E-01 5.75E-01 2.82E-01
2.10E-01  5.00E-01 1.05E-01
2.10E-01  4.75E-01 9.98E-02

Gemver - i7
in1-N=4032
in2-N=2016, in3-N=1008

8.10E-03  3.85E+01  3.12E-01
7.70E-03  3.56E401  2.74E-01
6.40E-03  3.52E+01  2.25E-01
6.40E-03  3.52E+01  2.25E-01
2.10E-03  4.47TE+01 9.39E-02
2.00E-03 3.70E401  7.40E-02
1.54E-03  3.65E401  5.62E-02
1.54E-03  3.65E401  5.62E-02
1.42E-04 5.23E401  7.42E-03
1.10E-04  5.34E401  5.87E-03
1.10E-04  5.34E401  5.87E-03
9.20E-05 5.09E+01  4.68E-03

Gaussian Blur - ZYBO
in1-[N=512, M=512]
in2-[N=1024, M=1024]

ET (sec) P (W) E (J)

6.30E-02 4.00E-01 2.52E-02
1.65E-02 3.00E-01 4.95E-03
1.65E-02 3.00E-01 4.95E-03
2.53E-01 4.10E-01 1.04E-01
6.65E-02 3.50E-01 2.33E-02
6.65E-02 3.50E-01 2.33E-02

Gaussian Blur - i7
in1-[N=4096, M=4096]
in2-[N=2028, M=2048]
in3-[N=1024 M=1024]

1.04E-01  4.65E+01  4.84E+00
2.42E-02 4.69E4+01 1.13E+00
2.20E-02 4.59E4+01 1.01E+400
2.20E-02  4.59E+01 1.01E+00
2.60E-02 4.62E401 1.20E4-00
6.10E-03  4.68E+01 2.85E-01
5.40E-03  4.64E4-01 2.51E-01
5.40E-03  4.64E4-01 2.51E-01
6.48E-03  4.75E4-01 3.08E-01
1.45E-03  4.58E+01 6.64E-02
1.26E-03  4.50E+01 5.67E-02
1.26E-03  4.50E+01 5.67E-02

Nevertheless, compiling the proposed method’s output codes with ’O1’ or ’O2’,
does not affect performance. The results for the FP instructions are similar.

4.2 Validation of execution time and power consumption models

The validation Eq.10 has been made on gemb) simulator. For the studied loop
kernels Eq.10 gives (ET = Llreads % 2/cl + L2reads * 20/c2 + M Mreads
80/¢3); the writes are not present as they occur in parallel. We have plotted
Eq.10 together with the simulated ET for 10 different optimization sets of
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Table 4 Speedup over hand optimized code

i7 (AVX)
Tiling  Unroll &
2 loops Tiling
1.82 1.90
1.09 1.10
1.11 1.44
1.03 1.07
1.60 1.65
1.00 1.02
1.09 1.10

Unroll
1 loop
1.11
1.08
1.42
1.06
1.16
1.02
1.09

Unroll
1 loop
1.71
1.18
1.31
1.33
1.34
1.62
1.23

Tiling
1 loop
1.53
1.09
1.11
1.03
1.53
1.00
1.10

Prop.
Method.
2.32
3.85
1.26
3.91
1.17
2.21

Polly
LLVM
1.41
0.97
1.38
1.31
1.26
1.02
1.23

Tiling
1 loop
2.23
1.11
1.52
1.04
2.69
1.00
1.11

MMM
MVM
FIR
Gemver
Doitgen
G.Blur
Bicg

2.78
1.10
1.50
1.04
3.05
1.00
1.10

seven loop kernels on two different processors, and Eq.10 follows the trend in
all cases. The difference between Eq.10 and measured ET is shown in Fig. 6 and
is about (10.6%,11%) on average and (20.3%,23%) at maximum, on (x86,arm),
respectively. The algorithms giving the highest error values are MMM and
Doitgen, as they contain three very big arrays achieving data reuse; in these
two algorithms, both cache memories are dominated by tiles being accessed
many times and therefore different reuse factors affect more miss concurrency.
On the other hand, regarding MVM, FIR, Gemver and Bicg, their 2D arrays
(which consume most of the memory) are accessed just once, making memory
behavior less diverse. Last, the L/S.ratio is critical in all algorithms, but the
proposed register blocking algorithm does not give high values.

The validation of the P model (Eq.11) has been made on gem5 and mcpat
simulators for different optimization sets. Eq.11 does not take into account
P on the renaming unit, instruction cache, RF, TLB, branch predictor and
instruction scheduler, and this is why Eq.11 gives from 80% up to 94% of
the total P (Fig. 4). P is more accurate on arm, as x86 is more complex and
therefore the HW components that we have not taken into account consume
more. It is important to note that because gemb simulator is slow, we have
used both small cache sizes and input sizes in order to have more realistic
simulation results. Thus, both L1 and L2 are expected to consume more for
realistic cache sizes and therefore the range in Fig. 4 is expected to be lower.

4.3 Reduction of the exploration space

Table 5 Number of optimization sets / binaries

MMM
(N=1000)
1.39E+27
8.20E+05
1.11E+03

MVM
(N=4000)
9.91E+20
1.50E+04
7.80E+401

FIR
(N=16000, M=1000)
4.95E+20
4.00E+03
1.24E+02

Gemver
(N=1200)
8.03E+18
3.80E+03
4.60E+01

Explor. space Doitgen
(N=600)
5.24E+33
2.40E+-06

1.83E+4-03

Initial
Subsect. 3.1
Final

In Table 5 we give the initial exploration space (all optimization configura-
tions that have to be explored), the space after the application of Subsection

ZYBO
Tiling
2 loops

3.07
1.13
1.63
1.35
3.38
1.62
1.16

G. Blur
(N=1200)
9.75E+24
5.10E+04
8.60E-+01

Unroll &
Tiling

Prop.
Method.
8.62
2.14
2.48
2.34
30.63
3.81
2.29

Bicg
(N=1200)
1.61E4+19
3.70E+403
5.20E+01
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3.1 and the final space by using as threshold the maximum range value found
in Fig. 6, i.e., +23%.

The initial space is given by: (S = 7! x TlooPs x T'loops 5 Toops 5 (2 x
loops)! x (2 x 2D.arrays)), where (T,T’,T") is the number of different (Unroll
factor sizes, L1 tile sizes, L2 tile sizes), respectively, loops is the number of
the loops and 2D.arrays is the number of multidimensional arrays indicating
that each multidimensional array uses two different data layouts (the default
and the tile-wise). (2 x loops)! gives all the different combinations of loop
interchange (by applying loop tiling to both L1 and L2, (2 x loops) extra
loops exist) while 7! gives the number of different transformation sequences
of loop unroll, array copying, tiling for L1 and L2, loop interchange, scalar
replacement, register allocation. We have used T = 32,7’ = N/2,T7" = N/4.

The space is reduced from 17 up to 30 orders of magnitude. It is clear that
the more and the larger the loops, the more the optimization sets. The final
space for MVM, Gemver, G.Blur and Bicg is low because transforming their 2D
array data layouts introduces a relatively significant cost and is not efficient;
thus, the remaining tile sizes are limited as they must contain consecutive MM
locations.

4.4 Evaluation over gcc, hand tuning optimized code & Polly

First, the proposed methodology is evaluated over gcc by using gemb and
mcpat simulators (Table 1 and Table 2) - the best binaries are produced in
terms of ET. The evaluation has been made on two different processors and for
two different input sizes. In this section, we haven’t searched for the best binary
among all those shown in the last row of Table 5, but we have picked the best
among the ten achieving the lowest Eq.10 value. There are significant/large
cycle (from 2 up to 25), memory access (from 1.14 up to 171), energy (from
2 to 54) and instruction (from 1.1 up to 4) gain values. MMM and Doitgen
achieve the highest memory and speedup/energy gains on both CPUs as they
contain 3 big arrays that achieve data reuse and as a consequence memory
management has a higher effect. Given that the gemb simulator is slow, we
have used both small cache sizes and input sizes in order to have more realistic
simulation results. Thus, P on both L1 and L2 is expected to be higher for
more realistic cache sizes.

Second, the proposed methodology is evaluated over gcc compiler on two
different types of real processors. The P on ZYBO is about 0.35Watts and
0.5Watts (including a usb disc connected on it which consumes about 0.25Watts),
when just petalinux OS and input codes are running, respectively while on i7
is about 26Watts and 45Watts, when just CentoS and input codes are running,
respectively (for single-core). Intel i7 processor supports SIMD and therefore
we have evaluated our methodology to C-code containing AVX intrinsics; we
have used hand written C-code with AVX intrinsics as input to our method.
It is important to note that although gcc supports auto-vectorization, hand
written AVX code is faster in most cases (Table 3). The results are given in
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terms of best ET and best E for three different input sizes. As it was expected,
there are binaries with worse ET but better E, as they achieve fewer accesses
in the energy demanding memory hierarchy; however, in most cases the best
ET and E solutions match.

MMM and Doitgen are the most data intensive kernels and this is why they
achieve the highest memory gains and speedup/energy gains on both CPUs.
The proposed methodology achieves about (8.5, 30, 2.1, 2.5, 2.3, 3.8, 2.4)
times faster code, for (MMM, Doitgen, MVM, FIR, Gemver, Gaussian Blur,
Bicg), on ZYBO and about (3.9, 4, 2.3, 3.8, 1.2, 1.15, 2.1) on i7 comparing to
AVX hand written code. Regarding energy gains, the proposed methodology
achieves about (9.2, 40, 2.5, 2.7, 2.6, 5, 2.6) times less energy on ZYBO and
about (4, 4, 2.4, 3.6, 1.2, 1.15, 2.2) on i7 comparing to AVX code. The pro-
posed methodology achieves smaller gain values for AVX input codes, because
hand written AVX-code first, is at a lower level and thus more efficient and
second, in many cases it already uses a significant number of the available
registers (G.Blur,Gemver), leaving less space for modifications and third, it is
less friendly to register blocking.

Last, our methodology is evaluated over hand written optimized a) loop
unroll code (one loop only - best loop and best unroll factor size), b) loop
tiling code for one and two loops (best loop(s) and best tile size(s)), ¢) loop
unroll for one loop and loop tiling for one loop (best loops and best unroll
factor/tile size), d) Polly [16] (Table 4). For a fair comparison, we have used
tile sizes where the accumulated sum of all the array tiles is smaller than the
largest cache. A large number of experiments has taken place with 10 different
unroll factor values and 10 different loop tiling sizes in order to find the best.
We have used normal C-code for ZYBO and hand written C-code using AVX
instrinsics for i7. As it was expected, hand written optimized code achieves
better or equal performance than gce in all cases and likewise Table 3, our
method achieves smaller gain values for the codes using AVX intrinsics. The
largest speedup values occur for MMM and Doitgen. On the other hand, the
smallest speedup values occur for Gemver and Gaussian Blur on i7, as first,
their arrays fit in the largest cache in all cases and second, they already use
a significant number of registers. It is important to note that Polly includes
other transformations too, which our methodology does not.

5 Conclusion and Future Work

In this paper a novel methodology is presented that reduces the exploration
space of code optimizations by many orders of magnitude, for data domi-
nant affine loop kernels. We provide two efficient blocking algorithms, one for
the RF and one for the cache, addressing the corresponding interdependent
transformations together and taking into account the HW details, data reuse
and arrays’ data access patterns. Moreover, formal methods are provided to
correlate code optimizations with the number of data accesses, arithmetic in-
structions, ET and E. Instead of applying heuristics and empirical methods
we try to understand how software runs on the target CPU and how different
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optimization sets affect the number of memory accesses, ET and P. Instead of
searching for the best solution in a limited exploration space, we deal with an
enormous space as we are capable of narrowing it down by many orders of mag-
nitude. We motivate this work by showcasing that the only way to effectively
reduce the space is by taking into account the HW and SW characteristics and
by addressing the interdependent transformations together as one problem.

As far as our future work is concerned, the first step includes the validation
of the proposed method to more CPUs, extend the ET model to less data
dominant algorithms where the number of instructions affects the ET too and
extend the P model to the remaining CPU components. Second, we plan to
implement an automated tool of the proposed method. POET and/or Loopy
tools will be used for generating the output source code and Scout [24] tool
will be used to transform the input of our tool from normal C-code to C-code
with SIMD instrinsics.

Acknowledgements This work is partly supported by the European Commission under
H2020-ICT-20152 contract 687584 - Transparent heterogeneous hardware Architecture de-
ployment for eNergy Gain in Operation (TANGO) project.

References

1. Arts, A., Ayala, J.L., Huisken, J., Catthoor, F.: Survey of low-energy techniques for
instruction memory organisations in embedded systems. Signal Processing Systems
70(1), 1-19 (2013). URL http://dblp.uni-trier.de/db/journals/vlsisp/vlsisp70.html

2. Ashouri, A.H., Bignoli, A., Palermo, G., Silvano, C.: Predictive modeling methodology
for compiler phase-ordering. In: Proceedings of the 7th Workshop on Parallel Pro-
gramming and Run-Time Management Techniques for Many-core Architectures and
the 5th Workshop on Design Tools and Architectures For Multicore Embedded Com-
puting Platforms, PARMA-DITAM ’16, pp. 7-12. ACM, New York, NY, USA (2016).
DOI 10.1145/2872421.2872424. URL http://doi.acm.org/10.1145/2872421.2872424

3. Ashouri, A.H., Bignoli, A., Palermo, G., Silvano, C., Kulkarni, S., Cavazos, J.: Micomp:
Mitigating the compiler phase-ordering problem using optimization sub-sequences and
machine learning. ACM Trans. Archit. Code Optim. 14(3), 29:1-29:28 (2017). DOI
10.1145/3124452. URL http://doi.acm.org/10.1145/3124452

4. Ashouri, A.H., Killian, W., Cavazos, J., Palermo, G., Silvano, C.: A survey on compiler
autotuning using machine learning. ACM Comput. Surv. 51(5), 96:1-96:42 (2018).
DOI 10.1145/3197978. URL http://doi.acm.org/10.1145/3197978

5. Ashouri, A.H., Mariani, G., Palermo, G., Park, E., Cavazos, J., Silvano, C.:
Cobayn: Compiler autotuning framework using bayesian networks. ACM Trans.
Archit. Code Optim. 13(2), 21:1-21:25 (2016). DOI 10.1145/2928270. URL
http://doi.acm.org/10.1145/2928270

6. Balaprakash, P., Wild, S.M., Hovland, P.D.: An experimental study of global and local
search algorithms in empirical performance tuning. In: High Performance Computing
for Computational Science - VECPAR 2012, 10th International Conference, Revised
Selected Papers, Lecture Notes in Computer Science, pp. 261-269. Springer (2013).
DOI 10.1007/978-3-642-38718-0_26

7. Bao, B., Ding, C.: Defensive loop tiling for shared cache. In: Proceedings of the 2013
IEEE/ACM International Symposium on Code Generation and Optimization (CGO),
CGO 13, pp. 1-11. IEEE Computer Society, Washington, DC, USA (2013). DOI
10.1109/CG0.2013.6495008. URL http://dx.doi.org/10.1109/CG0.2013.6495008

8. Binkert, N., Beckmann, B., Black, G., Reinhardt, S.K., Saidi, A., Basu, A., Hes-
tness, J., Hower, D.R., Krishna, T., Sardashti, S., Sen, R., Sewell, K., Shoaib,



Title Suppressed Due to Excessive Length 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

M., Vaish, N., Hill, M.D., Wood, D.A.: The gem5 simulator. SIGARCH Com-
put. Archit. News 89(2), 1-7 (2011). DOI 10.1145/2024716.2024718.  URL
http://doi.acm.org/10.1145/2024716.2024718

Bondhugula, U., Hartono, A., Ramanujam, J., Sadayappan, P.: A practical automatic
polyhedral parallelizer and locality optimizer. SIGPLAN Not. 43(6), 101-113 (2008).
DOI 10.1145/1379022.1375595

Bondhugula, U., Ramanujam, J., et al.: Pluto: A practical and fully automatic polyhe-
dral program optimization system. In: Proceedings of the ACM SIGPLAN 2008 Con-
ference on Programming Language Design and Implementation (PLDI 2008) (2008)
Brockmeyer, E., Durinck, B., Corporaal, H., Catthoor, F.: Layer Assignment Techniques
for Low Energy in Multi-Layered Memory Organizations. Springer Netherlands (2007)
Cavazos, J., Fursin, G., Agakov, F., Bonilla, E.; O’Boyle, M.F.P., Temam, O.: Rapidly
Selecting Good Compiler Optimizations Using Performance Counters. In: Proceed-
ings of the International Symposium on Code Generation and Optimization, CGO
07, pp. 185-197. IEEE Computer Society, Washington, DC, USA (2007). DOI
10.1109/CG0O.2007.32. URL http://dx.doi.org/10.1109/CG0O.2007.32

Chen, C., Chame, J., Hall, M.: Chill: A framework for composing high-level loop trans-
formations. Tech. rep. (2008)

de Mesmay, F., Voronenko, Y., Piischel, M.: Offline Library Adaptation Using Auto-
matically Generated Heuristics. In: International Parallel and Distributed Processing
Symposium (IPDPS), pp. 1-10 (2010)

Fursin, G., O’Boyle, M.F.P.; Knijnenburg, P.M.W.: Evaluating Iterative Compilation.
In: Languages and Compilers for Parallel Computing, 15th Workshop, LCPC 2002,
College Park, MD, USA, July 25-27, 2002, Revised Papers, pp. 362-376 (2002). DOI
10.1007/11596110-24

Grosser, T., Groflinger, A., Lengauer, C.: Polly - performing polyhedral optimizations
on a low-level intermediate representation. Parallel Processing Letters 22(4) (2012).
DOI 10.1142/50129626412500107. URL https://doi.org/10.1142/5S0129626412500107
Haneda, M., Khnijnenburg, P.M.W., Wijshoff, H.A.G.: Automatic Selection of Com-
piler Options Using Non-parametric Inferential Statistics. In: Proceedings of the 14th
International Conference on Parallel Architectures and Compilation Techniques, PACT
05, pp. 123-132. IEEE Computer Society, Washington, DC, USA (2005). DOI
10.1109/PACT.2005.9. URL http://dx.doi.org/10.1109/PACT.2005.9

Hartono, A., Norris, B., Sadayappan, P.: Annotation-based empirical performance
tuning using orio. In: IPDPS, pp. 1-11. IEEE (2009). URL http://dblp.uni-
trier.de/db/conf/ipps/ipdps2009.html

Hu, Q., Kjeldsberg, P.G., Vandecappelle, A., Palkovic, M., Catthoor, F.: Incremen-
tal hierarchical memory size estimation for steering of loop transformations. ACM
Trans. Des. Autom. Electron. Syst. 12(4) (2007). DOI 10.1145/1278349.1278363. URL
http://doi.acm.org/10.1145/1278349.1278363

Kandemir, M., Muralidhara, S.P., Narayanan, S.H.K., Zhang, Y., Ozturk, O.: Optimiz-
ing shared cache behavior of chip multiprocessors. In: MICRO 42: Proceedings of the
42nd Annual IEEE/ACM International Symposium on Microarchitecture, pp. 505-516.
ACM, New York, NY, USA (2009). DOI 10.1145/1669112.1669176

Kelefouras, V., Georgios, K., Nikolaos, V.: Combining software cache partition-
ing and loop tiling for effective shared cache management. ACM Trans. Em-
bed. Comput. Syst. 17(3), 72:1-72:25 (2018). DOI 10.1145/3202663. URL
http://doi.acm.org/10.1145/3202663

Kim, D., Renganarayanan, L., Rostron, D., Rajopadhye, S., Strout, M.M.: Multi-level
Tiling: M for the Price of One. In: Proceedings of the 2007 ACM/IEEE Conference
on Supercomputing, SC 07, pp. 51:1-51:12. ACM, New York, NY, USA (2007). DOI
10.1145/1362622.1362691. URL http://doi.acm.org/10.1145/1362622.1362691
Knijnenburg, P.M.W., Kisuki, T., Gallivan, K., O’Boyle, M.F.P.: The effect of cache
models on iterative compilation for combined tiling and unrolling. j~CCPE 16(2-3),
247-270 (2004)

Krzikalla, O., Feldhoff, K., Miiller-Pfefferkorn, R., Nagel, W.E.: Scout: A source-to-
source transformator for simd-optimizations. In: Proceedings of the 2011 International
Conference on Parallel Processing - Volume 2, Euro-Par’ll, pp. 137-145. Springer-
Verlag (2012). DOI 10.1007/978-3-642-29740-3_17



30

Vasilios Kelefouras, Karim Djemame

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kulkarni, P., Hines, S., Hiser, J., Whalley, D., Davidson, J., Jones, D.: Fast Searches
for Effective Optimization Phase Sequences. SIGPLAN Not. 39(6), 171-182 (2004).
DOI 10.1145/996893.996863. URL http://doi.acm.org/10.1145/996893.996863
Kulkarni, P.A., Whalley, D.B., Tyson, G.S., Davidson, J.W.: Practical Exhaus-
tive Optimization Phase Order Exploration and Evaluation. ~ACM Trans. Ar-
chit. Code Optim. 6(1), 1:1-1:36 (2009). DOI 10.1145/1509864.1509865. URL
http://doi.acm.org/10.1145/1509864.1509865

Kulkarni, S., Cavazos, J.: Mitigating the Compiler Optimization Phase-ordering Prob-
lem Using Machine Learning. SIGPLAN Not. 47(10), 147-162 (2012). DOI
10.1145/2398857.2384628. URL http://doi.acm.org/10.1145/2398857.2384628

Leather, H., Bonilla, E., O’Boyle, M.: Automatic Feature Generation for Machine Learn-
ing Based Optimizing Compilation. In: Proceedings of the 7th Annual IEEE/ACM
International Symposium on Code Generation and Optimization, CGO ’09, pp. 81-91.
IEEE Computer Society, Washington, DC, USA (2009). DOI 10.1109/CG0.2009.21.
URL http://dx.doi.org/10.1109/CG0O.2009.21

Leather, H., Bonilla, E., O’boyle, M.: Automatic feature generation for machine
learning—based optimising compilation. ACM Trans. Archit. Code Optim. 11(1), 14:1—
14:32 (2014). DOIT 10.1145/2536688. URL http://doi.acm.org/10.1145/2536688

Li, S., Ahn, J.H., Strong, R.D., Brockman, J.B., Tullsen, D.M., Jouppi, N.P.: Mcpat:
An integrated power, area, and timing modeling framework for multicore and manycore
architectures. In: Proceedings of the 42Nd Annual IEEE/ACM International Sympo-
sium on Microarchitecture, MICRO 42, pp. 469-480. ACM, New York, NY, USA (2009).
DOI 10.1145/1669112.1669172. URL http://doi.acm.org/10.1145/1669112.1669172
Lidman, J., Quinlan, D.J., Liao, C., McKee, S.A.: Rose:: Fttransform-a source-to-source
translation framework for exascale fault-tolerance research. In: Dependable Systems and
Networks Workshops (DSN-W), 2012 IEEE/IFIP 42nd International Conference on, pp.
1-6. IEEE (2012)

Liu, J., Zhang, Y., Ding, W., Kandemir, M.T.: On-chip cache hierarchy-aware tile
scheduling for multicore machines. In: CGO, pp. 161-170. IEEE Computer Society
(2011). URL http://dblp.uni-trier.de/db/conf/cgo/cgo2011.html

Namjoshi, K.S., Singhania, N.: Loopy: Programmable and formally verified loop trans-
formations. In: Static Analysis - 23rd International Symposium, SAS 2016, Edinburgh,
UK, September 8-10, 2016, Proceedings, pp. 383-402 (2016). DOI 10.1007/978-3-662-
53413-7_19

Nobre, R., Martins, L.G.A., Cardoso, J.a.M.P.: Use of previously acquired po-
sitioning of optimizations for phase ordering exploration. In: Proceedings of
the 18th International Workshop on Software and Compilers for Embedded Sys-
tems, SCOPES ’15, pp. 58-67 (2015). DOI 10.1145/2764967.2764978. URL
http://doi.acm.org/10.1145/2764967.2764978

Nobre, R., Reis, L., Cardoso, J.M.P.: Compiler phase ordering as an orthogonal approach
for reducing energy consumption. In: Proceedings of the 19th Workshop on Compilers
for Parallel Computing (CPC16) (2016)

Ogilvie, W.F., Petoumenos, P., Wang, Z., Leather, H.: Minimizing the cost of iterative
compilation with active learning. In: Proceedings of the 2017 International Symposium
on Code Generation and Optimization, CGO ’17, pp. 245-256. IEEE Press, Piscataway,
NJ, USA (2017). URL http://dl.acm.org/citation.cfm?id=3049832.3049859

Palkovic, M., Catthoor, F., Corporaal, H.: Trade-offs in loop transformations. ACM
Trans. Design Autom. Electr. Syst. 14(2) (2009). DOI 10.1145/1497561.1497565. URL
http://doi.acm.org/10.1145/1497561.1497565

Park, E., Kulkarni, S., Cavazos, J.: An evaluation of different modeling techniques
for iterative compilation. In: Proceedings of the 14th international conference on
Compilers, architectures and synthesis for embedded systems, CASES ’11, pp. 65—
74. ACM, New York, NY, USA (2011). DOI 10.1145/2038698.2038711. URL
http://doi.acm.org/10.1145/2038698.2038711

Pouchet, L.N.: Polybench/c benchmark suite (http://web.cs.ucla.edu/ pouchet/software/polybench/)

(2012). URL http://web.cs.ucla.edu/ pouchet/software/polybench/

Pouchet, L.N., Bastoul, C., Cohen, A., Cavazos, J.: Iterative Optimization in the Poly-
hedral Model: Part Ii, Multidimensional Time. SIGPLAN Not. 43(6), 90-100 (2008).
DOI 10.1145/1379022.1375594. URL http://doi.acm.org/10.1145/1379022.1375594



Title Suppressed Due to Excessive Length 31

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Pouchet, L.N., Bastoul, C., Cohen, A., Vasilache, N.: Iterative Optimization in the
Polyhedral Model: Part I, One-Dimensional Time. In: Proceedings of the International
Symposium on Code Generation and Optimization, CGO ’07, pp. 144-156. IEEE Com-
puter Society, Washington, DC, USA (2007). DOI 10.1109/CG0.2007.21

Pouchet, L.N., Bondhugula, U., Bastoul, C., Cohen, A., Ramanujam, J., Sadayappan, P.,
Vasilache, N.: Loop transformations: Convexity, pruning and optimization. SIGPLAN
Not. 46(1), 549-562 (2011). DOI 10.1145/1925844.1926449

Purini, S., Jain, L.: Finding good optimization sequences covering program space. ACM
Trans. Archit. Code Optim. 9(4), 56:1-56:23 (2013). DOI 10.1145/2400682.2400715.
URL http://doi.acm.org/10.1145/2400682.2400715

Qiu, M., Sha, E.H.M., Liu, M., Lin, M., Hua, S., Yang, L.T.: Energy minimization
with loop fusion and multi-functional-unit scheduling for multidimensional dsp. J. Par-
allel Distrib. Comput. 68(4), 443-455 (2008). DOI 10.1016/j.jpdc.2007.06.014. URL
http://dx.doi.org/10.1016/j.jpdc.2007.06.014

Quinlan, D., Haihang, Y., Qing, Y., Vuduc, R., Seymour, K.: Poet: Pa-
rameterized optimizations for empirical tuning. 2007 IEEE International
Parallel and Distributed Processing Symposium 00, 447 (2007). DOI
doi.ieeecomputersociety.org/10.1109/IPDPS.2007.370637

Renganarayanan, L., Kim, D., Rajopadhye, S., Strout, M.M.: Parameterized Tiled Loops
for Free. SIGPLAN Not. 42(6), 405414 (2007). DOI 10.1145/1273442.1250780. URL
http://doi.acm.org/10.1145/1273442.1250780

Sato, Y., Yuki, T., Endo, T.: An autotuning framework for scalable execution of tiled
code via iterative polyhedral compilation. ACM Trans. Archit. Code Optim. 15(4),
67:1-67:23 (2019). DOT 10.1145/3293449. URL http://doi.acm.org/10.1145/3293449
Sharma, N., Panda, P.R., Catthoor, F., Raghavan, P., Aa, T.V.. Array inter-
leaving&mdash;an energy-efficient data layout transformation. ACM Trans. Des.
Autom. Electron. Syst. 20(3), 44:1-44:26 (2015). DOI 10.1145/2747875. URL
http://doi.acm.org/10.1145/2747875

Shobaki, G., Shawabkeh, M., Rmaileh, N.E.A.: Preallocation instruction scheduling with
register pressure minimization using a combinatorial optimization approach. ACM
Trans. Archit. Code Optim. 10(3), 14:1-14:31 (2008). DOI 10.1145/2512432. URL
http://doi.acm.org/10.1145/2512432

Stephenson, M., Amarasinghe, S.: Predicting Unroll Factors Using Supervised Clas-
sification. In: Proceedings of the International Symposium on Code Generation and
Optimization, CGO ’05, pp. 123-134. IEEE Computer Society, Washington, DC, USA
(2005). DOI 10.1109/CG0.2005.29. URL http://dx.doi.org/10.1109/CG0.2005.29
Sun, X.H., Wang, D.: Concurrent average memory access time. Computer 47(5), 74-80
(2014). DOI 10.1109/MC.2013.227. URL http://dx.doi.org/10.1109/MC.2013.227
Sung, I.J., Stratton, J.A., Hwu, W.M.W.: Data layout transformation exploiting
memory-level parallelism in structured grid many-core applications. In: Proceed-
ings of the 19th International Conference on Parallel Architectures and Compila-
tion Techniques, PACT ’10, pp. 513-522. ACM, New York, NY, USA (2010). DOI
10.1145/1854273.1854336

Tartara, M., Crespi Reghizzi, S.: Parallel iterative compilation: Using mapreduce to
speedup machine learning in compilers. In: Proceedings of Third International Workshop
on MapReduce and Its Applications Date, MapReduce 12, pp. 33-40 (2012). DOI
10.1145/2287016.2287023. URL http://doi.acm.org/10.1145/2287016.2287023

Tartara, M., Crespi Reghizzi, S.: Continuous learning of compiler heuristics. ACM
Trans. Archit. Code Optim. 9(4), 46:1-46:25 (2013). DOI 10.1145/2400682.2400705.
URL http://doi.acm.org/10.1145/2400682.2400705

Trifunovic, K., Nuzman, D., Cohen, A., Zaks, A., Rosen, I.: Polyhedral-Model Guided
Loop-Nest Auto-Vectorization. In: Proceedings of the 2009 18th International Confer-
ence on Parallel Architectures and Compilation Techniques, PACT ’09, pp. 327-337.
IEEE Computer Society, Washington, DC, USA (2009). DOI 10.1109/PACT.2009.18
Wang, D., Sun, X.H.: Apc: A novel memory metric and measurement methodology
for modern memory systems. IEEE Trans. Comput. 63(7), 1626-1639 (2014). DOI
10.1109/TC.2013.38



32 Vasilios Kelefouras, Karim Djemame

57. Zhou, X., Giacalone, J.P., Garzardn, M.J., Kuhn, R.H., Ni, Y., Padua, D.: Hierarchical
overlapped tiling. In: Proceedings of the Tenth International Symposium on Code Gen-
eration and Optimization, CGO ’12, pp. 207-218. ACM, New York, NY, USA (2012).
DOI 10.1145/2259016.2259044. URL http://doi.acm.org/10.1145/2259016.2259044



