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The article studies the possibility of usage of energy-efficient Epiphany microprocessor for
solving actual applied problem of face detection at still image. The microprocessor is a multicore
system with distributed memory, implemented in a single chip. Due to small die area, the micropro-
cessor has significant hardware limitations (in particular it has only 32 kilobytes of memory per
core) which limit the range of usable algorithms and complicate their software implementation.
Common face-detection algorithm based on local binary patterns (LBP) and cascading classifier
was adapted for parallel implementation. It is shown that Epiphany microprocessor having 16 cores
can outperform single-core CPU of personal computer having the same clock rate by a factor of 2.5,
while consuming only 0.5 watts of electric power.
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Introduction

Development of processor manufacturing technologies led to widespread use of multicore micro-
processors, particularly in mobile devices. Typical multicore processor from the point of view of
application programming is shared-memory system, but its low-level architecture is distributed-
memory system — each core has its own cache, caches of individual cores are synchronized using
some cache coherence protocol [1, 2]. This approach simplifies software development but signifi-
cantly complicates the processor, increasing required die area and power consumption. In addition,
possible efficiency of processor usage is reduced; With proper programming, you can get more per-
formance from distributed-memory system than from “simulated” shared-memory system [3].

The energy-efficient Epiphany microprocessor by Adapteva is an example of another approach:
each core has a small memory that is explicitly controlled by application program. The cores are
interconnected with on-chip data-transfer networks.

The purpose of this article is to demonstrate the possibility of efficient usage of Epiphany micro-
processors to solve an actual application problem — detection of faces in an image. It will be
demonstrated that Epiphany microprocessor having 16 cores can overtake the performance of sin-
gle-core processor of personal computer of the same clock frequency by 2.5 times, while consum-
ing only 0.5 watts of electrical power.

The program code described in the article is available on the project page on the Internet [4].
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Epiphany architecture

Multi-core Epiphany microprocessors are IP (intellectual property) blocks designed for system-on-
chip development. The block can be configured for a number of cores from 1 to 4096. Typical clock
frequency is 1 GHz, kernel memory size is 32 or 64 kilobytes. In addition, it is possible to add up to
2 gigabytes of external memory. The microprocessor is optimized to reduce power consumption
and required die area: single core has die area of 0.3 mm?® and power consumption of only 14 mw
at 1 GFLOPS performance.

The Epiphany architecture is actively improved, so the characteristics of current microprocessor
instances may differ from those given above.

The small amount of per-core memory and the lack of virtual memory support do not allow running
popular operating systems on the Epiphany microprocessors, so the microprocessor is positioned as
computational accelerator for mobile applications, or as central processing unit for a device that
does not have an operating system.

Test samples of Epiphany microprocessors are available in the form of ready-to-use Parallela mod-

ules [5], which are ARM computers having the dimensions of credit card. In this module, Epiphany

is installed as an additional processor, so we will refer to it as coprocessor. Each Epiphany core has:

e 32 or 64 kilobytes of local memory divided into banks of 8 kilobytes; Each bank can serve only
one consumer per clock cycle.

e An arithmetic and logic unit capable of performing operations on 32-bit numbers (integer or
floating point) per clock cycle.

e 64 general purpose registers.

e Dual-channel direct memory access (DMA) controller capable of issuing data-transfer com-
mands.

e 2 timers for counting various events (for example, coprocessor cycles).

e Interrupt controller, allowing to install event handlers.

e Data transfer controller (router for network-on-chip).

The memory of all cores is logically combined into a single 32-bit address space, which allows
software to uniformly transfer data between any memory cells of any pair of cores. The address
space also includes external memory and registers of all cores. Uniform address space allows a ker-
nel to execute not only “its” code, but also the code located in the memory of another kernel or even
in external memory.

Physically cores form two-dimensional array and connected by a low-latency mesh network-on-

chip. The network consists of three separate mesh structures, each serving different types of traffic:

e Write network is used for write transactions. It transfers packets containing address and data.
When a packet reaches the target core, the data is written to the required memory locations or
registers.

e Read network is used for all read requests. The network transfers packets containing the address
of data to be read and the address where the data should be stored. Such packets are routed to
the kernel containing the read address. When the target is reached, the necessary data is read
from memory or registers, and a response packet is sent through the write network. An interest-
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ing feature of this approach is the ability to transfer data between two memory addresses exter-
nal to the kernel that issued the command for such transfer.

e The transit network used for write transactions destined for off-chip resources and for passing-
through transactions destined for another chip in a multi-chip system configuration. The transit
network allows an array of chips to be connected into a mesh structure without glue logic. Traf-
fic of the transit network does not affect the traffic of other networks, which allows running re-
al-time on-chip tasks in multi-chip configuration.

Although logically data transfer is possible between any pair of cores, physically data is transferred
only between adjacent cores horizontally or vertically in a single clock cycle. So, there is no need to
synchronize phases of clock frequency between cores located far apart on the crystal. Instead, clock
frequency is propagated in a wave manner from the point of its entry into the crystal, which reduces
power consumption.

Data-store instructions are non-blocking and executed in a single clock cycle; There is no confirma-
tion made when data reaches the destination. Routing algorithms ensure that packets are delivered
to the recipient (including external memory) in the same order in which they were sent by the send-
er (provided that these packets have the same sender).

In contrast to store instructions, data-load instructions are blocking. Due to the need of a response
packet transfer, reading from the memory of another core is much slower than writing to the
memory of another core.

At the boundaries of the crystal data networks are connected to the electrical terminals of the copro-
cessor. This allows connecting external memory, main processor, and also connecting several co-
processors to a rectangular grid, thereby increasing the number of cores in the address space.

Application programming of Epiphany coprocessor

To program the coprocessor an adapted GCC compiler can be used, which accepts source code in
C language. In a typical usage scenario, each core executes its own code. A binary file intended for
loading into the coprocessor is an image of the memory of all cores. Since core registers are
mapped into the address space, this approach allows setting desired initial state for the coprocessor.

The standard library for C language is present, but its executable code and data structures are locat-
ed in external memory, which means that standard library is slow, and that malloc() and free() func-
tions cannot be used to manage local core memory. Therefore, it is expedient to distribute the
memory of each core statically using an LDF file (Linker Definition File), which contains instruc-
tions to the linker for layout of program objects.

The following factors should be considered when programming the coprocessor:

e Epiphany coprocessor can perform load, store, and arithmetic instructions only with 32-bit val-
ues (integers or floating-point numbers). Operations with other data types (including smaller
ones) are emulated by the compiler, and therefore require several clock cycles for execution.

e A non-aligned memory access (the address is not a multiple of the data type) causes the pro-

gram to stop.
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e At the same time, Epiphany does not have any problems with control logic: calling a function
and returning from it occur quickly, conditional branches do not cause a serious decrease in per-
formance (they are predicted by the compiler in static mode).

Considering these peculiarities, it was decided to implement face detection algorithm (the part of it

that works on the coprocessor) within the following constraints:

e Images are stored as eight-bit pixels; All other data is stored as 32-bit memory-aligned integers.

e Only 32-bit integers are used for calculations.

e Coprocessor instance that we used for testing did not have operations of integer multiplication
and division, therefore among arithmetic operations it was possible to use only addition, sub-
traction, and bitwise operations.

As will be shown below, if the algorithm and its implementation are carefully chosen, these limita-
tions do not lead to significant complication or slowing down the executed code.

Face detection algorithm

It was decided to adapt one of the several face detection algorithms used in the popular image pro-
cessing library OpenCV [6]. At the moment of project execution, the OpenCV version 2.4.1 was
actual. The implementation of popular algorithm will allow us to objectively compare the perfor-
mance of the Epiphany processor with other processors which can be used to run OpenCV code. In
this library, face detection algorithms have the following structure:

1. Source grayscale image is used to build pyramid consisting of layers (images) of decreasing
resolution. High-resolution layers are needed to detect faces of small size; Low-resolution layers
are used to detect large faces. Typical ratio of the sizes of adjacent layers is 1.2.

2. Each pyramid layer is scanned with a small detection window (for example, 24 x 24 pixels in
size). Window positions are overlapped during the scan.

3. For each window position a classifier is executed, which decides whether provided image frag-
ment is a face. To make such decision, the numerical characteristics obtained from the pixels of
the window are used, which are called features.

4. The detections are grouped together: window positions that obtained positive classifier respons-
es are grouped according to geometric similarity. Groups that have less than a certain number of
elements (for example, 3) are discarded. For the remaining groups, average window positions
are calculated, which are considered as detected faces.

Most computational time is spent at small faces detection (processing high resolution pyramid lay-
ers), so the minimal size of detected faces should be limited.

It is noteworthy that algorithms of the described structure have significantly worse accuracy in
comparison with human vision. The reason for this loss of accuracy is insufficient information in a
detection window to make face/not face decision; Humans for this task use context — a large amount
of additional information about the observed scene. For example, human performs overall scene
recognition which gives scale — approximate sizes of objects (faces) to be searched in each place of
the image.
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The main part of face detection algorithm is classifier, which is a statistical mathematical model
that is parameterized automatically based on a training set, within the framework of a process called
machine learning [7]. Machine learning is beyond the scope of this article, therefore all classifier
coefficients mentioned below will be considered known.

Considering very limited memory capacity of the coprocessor, the most memory efficient algorithm
was chosen for implementation among face detection algorithms of OpenCV library. This turned
out to be an algorithm based on LBP-features (Local Binary Patterns [8]).

The LBP-feature (in the OpenCV implementation) is an integer value from 0 to 255 that is calcu-
lated based on rectangular image area (which is part of the detection window):

LBP(X,Y,W,H) & 27-[sgo=511] + 2°:[sjo=s11] + 2°-[sp0254]
+ 2% [so1 = s94] + 2% [s31 = s14] #(1)
+ 2V [sgp =831l + 2% [syp = s1] + 23 [sy; = sq4]

Here:

(X,Y) — coordinates of top-left pixel of rectangular image area for LBP-feature calculation;
(W,H) = (3w, 3h) — size of the area;

Sij & YWog YEZip(X +iw + x,Y + jh + y) — the sum of pixel values over rectangle;
p(x, y) — value of pixel in column x and row y;

w (1 ifa>=b;
la 2 b] = {O, otherwise.

The meaning of LBP-feature is simple: the considered rectangle is divided into 3x3 sub-rectangles,
and the brightness relation (“higher” or “lower”) of eight non-central sub-rectangles to the central
one is encoded as an eight-bit binary number. It should be noted that LBP-features are used here not
for histogram generation as in the paper where they were originally introduced [8], but as a re-
placement for Haar-like features often used in face detection algorithms [9].

The classifier itself consists of several stages, and is therefore called cascade. Only positive pass of

all classifier stages means positive classification result (“face detected”). This decision-making pro-

cess allows rejecting most detection windows at early stages. The positive pass of j" stage (j =

1, ..., m) is determined by the following inequality:

n . . o .
J Jviwi gl J.

Zw{zw’, Wfd_ef{Pi"fLBP(Xi’n’m’Hi)esi’ #(2)

P = .
i N/, otherwise.

Here:

n/ —the number of features used in j™ classifier stage;

wij — the score assigned to the feature i of stage j;

S/ —the set of “desirable” values of LBP-feature for area (X/, v/, w/, H/);
Pl.j — the score assigned to the area having “desirable” feature value;

Nij < Pij — the score assigned to the area having “undesirable” feature value;

T/ — the score that should be accumulated for positive pass of stage ;.
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All the classifier coefficients are gathered in the following expression:

Key & ((X-j» v/, w/,u],s],p/,N}), Tj) #(3)

m
i j=
The classifier of frontal faces in OpenCV has m = 20 stages. At the initial stage 3 features are cal-
culated, at the last stage there are 10 features. The total amount of coefficients in expression (3) is
8 kilobytes, but profiling the OpenCV library showed that loaded classifier consumes 300 kilobytes
of RAM. This is caused by usage of several memory buffers (storing the stages of the classifier, at-
tributes, weights and other data) that refer to each other using indexes and memory pointers. Also,
memory consumption was increased by usage of classes with tables of virtual functions, and storage
of data not needed for the task.

Software implementation of face detector

Data structures allocation

First, it should be decided where classifier data should be stored. The following options were

worked out:

e Classifier data in external memory. This is the easiest option for implementation. However,
since calculations needed for classification (expressions (1) and (2)) are simple enough, and
reading data from external memory is slow, most of the time coprocessor core will be idle wait-
ing for data to be received. The situation is aggravated by the fact that all the cores require data
simultaneously, competing for the coprocessor exchange channel with external memory.

e Classifier stages are distributed among cores. With this approach, each detection window is
processed by coprocessor cores via a pipeline. However, the processing of most windows is in-
terrupted at the early stages; For the cores to be continuously provided with work, it is required
that more cores are allocated for the first classifier stages than for the last stages. It requires
non-trivial synchronization and load balancing (textured areas of the image go through more
classifier stages than smooth ones), which is difficult to program.

e A copy of the classifier in each core. This is the most preferable option, since cores can per-
form independent subtasks — classification of different windows. However, we had a coproces-
sor with only 32 kilobytes of memory per core, and no more than 8 kilobytes remained for stor-
ing the classifier, which is much smaller than the measured amount of data of the OpenCV clas-
sifier (300 kilobytes). As will be shown later, we managed to store classifier data in a very
compact way, that's why this option was chosen for implementation.

Then we need to determine the way the image pyramid is formed and stored:

e Only the original image is stored in shared memory. Each core processes a fragment of this
image (it is called tile), and builds the corresponding part of the pyramid in local memory. Tiles
must be small enough to fit in local core memory, and should overlap so that possible detections
at their boundaries are not lost. The problem is that when pyramid layer of lower resolution is
formed, the overlap width of tiles becomes insufficient; Cores should exchange data, passing
missing pixels to each other to handle the overlap areas. However, if the entire image cannot be
fit into the coprocessor, some of the pixels required for processing tile boundaries will be miss-
ing, and it is not clear how these pixels should be calculated.
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e The whole pyramid is stored in shared memory. First, coprocessor builds pyramid from the
original image, placing it in shared memory, and then the layers are processed by overlapping
tiles that are transferred to local memories. This seems to be quite effective, since tile pro-
cessing takes much longer time than is required to transfer the tile to local memory. This ap-
proach was chosen, but the corresponding code did not fit into the memory of the coprocessor
core, so in final implementation pyramid construction is performed by main processor.

As a result, the following data structures are located in shared memory (Figure 1): an image pyra-
mid, a job queue (described below) with counters of tasks taken and completed, and classifier data.
Also in shared memory it is located the counter of the coprocessor cores to be launched. On the
Epiphany side the counters are protected by mutex.
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Fig. 1. Memory allocation diagram. The arrows show data transfers
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The memory of each coprocessor core is distributed as follows (Figure 1): 8 kilobytes is allocated
for code, 16 kilobytes for copy of the task and the tile being processed, and 8 kilobytes for classifier
data and the program execution stack.

Parallel algorithm

The algorithm of the main processor is following:

1. Store classifier data to shared memory.

2. Build image pyramid in shared memory.

3. Logically divide each pyramid layer into partially overlapping rectangular tiles with dimensions
of approximately 128 x 128 pixels, and create for each tile a task consisting of tile coordinates
in the image, tile address in memory, and small buffer for recording the results of face detection
in the tile.

4. Set the counter of the cores to be started to a non-zero value and wait for the counter of the
completed tasks to reach the total number of tasks.

5. Perform grouping of the detections that are in the tasks queue.
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The algorithm of the coprocessor core is following (Figure 1): when the counter of cores to be start-

ed becomes nonzero, reduce it by one, copy the classifier data into local memory, and go to the

task-processing cycle. The task is executed as follows:

1. The counter of taken tasks is incremented, and the corresponding task is copied to the local core
memory. When all tasks are taken, the task-processing cycle is completed.

2. The tile which memory location is specified in the task is copied to local memory.

3. Faces are detected in the tile.

4. The results are copied to the shared memory, the counter of the completed tasks is incremented.

Data transfers between shared memory and a core are performed using the core DMA controller.
Between the cores is sent only the data needed for the mutex operation (which protects the coun-
ters).

Image pyramid implementation
Pyramid with uniform scale step has layers of the following sizes:
(W; h) (W', h)
(wy, hy) = ) Wig1, higq) = -,
s k
where (w, h) — source image size; (w;, h;) — size of pyramid layer i, s > 1 — initial layer scale (de-
termined by minimal required size of face to be detected); k > 1 — ratio of sizes of neighboring lay-
ers (typical value is k ~ 1.2). The number of layers is usually increased until at least one detection
window can be fit into the last (small) layer.

#(4)

The image pyramid should have a sufficiently small scale step (the parameter k is close to one) so
that for any face there is a layer at which the face has size close to the optimal one (the size at
which the classifier was trained). For pyramid with uniform scale step the maximal possible relative

difference between size of face to be detected and optimal detectable size is vk. The closer this val-
ue to 1 the higher the quality of face detection, but the number of pyramid layers (and the amount
of required computations) also grows.

Pyramid layer can be obtained by resampling the original image or one of the previously calculated
layers of larger resolution. To reduce aliasing [10], it is advisable to perform resampling by inte-
grating the pixels of the original image over the area of the pixels of the reduced image (the “Area”
method in OpenCV terminology). The computational complexity of such procedure is approximate-
ly proportional to the sum of the areas of source and reduced layers.

To minimize the amount of computations needed to build the pyramid, it is desirable to calculate
each pyramid layer on the basis of previous layer (the one that has the lowest resolution among al-
ready calculated layers). Unfortunately, this leads to the appearance of moiré pattern [10], ex-
pressed in the form of a wave-like change in image sharpness with a period of 1/(k — 1) pixels.
Moir¢ itself is an insignificant phenomenon, but it accumulates with sequential resampling of imag-
es, reducing face detection quality.

Aliasing and moiré problems are solved as follows in OpenCV library: each pyramid layer is built
independently of the others by scaling the original image using the Area method. As a result, the
time for constructing the pyramid in OpenCV is Tcy = O(w - h - n).
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In our implementation, the pyramid has fixed scale factors and is constructed as follows (Figure 2):
the original image is divided into blocks of 8 x 8 pixels used to construct reduced blocks of sizes of
7x7,6x6and5 x5 pixels. In one pass three additional layers of the pyramid are obtained, hav-
ing dimensions of 7/8, 6/8 and 5/8 of the original. Any next layer having index i is obtained by a
twofold decrease (by averaging the 2 x 2 pixels blocks) of layer i — 4.
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Fig. 2. Proposed scheme of pyramid building. The source image is at top-left

With this approach, the ratios of neighbouring layer sizes are slightly different (vary from 1.14
to 1.25), but this does not affect face detection quality. Consecutive 2x size reduction does not lead
to error accumulation and occurrence of moiré — its period is equal to 1 pixel. If the minimal size of
detectable faces should be increased, then some number of high-resolution layers can be skipped at
detection stage.

The pyramid-building time of described algorithm is Tgp = O(w - h). Measurements showed that
OpenCV builds only two pyramid layers in the time required to build the entire pyramid (approxi-
mately 20 layers) in our implementation.

LBP-features implementation

To quickly calculate the sumss; ; in expression (1), OpenCV library uses integral image trans-
form [11]. The sum over any rectangle is calculated via 4 readings from memory and 3 arithmetic
operations. The integral image is calculated in one pass through the pyramid layer and is stored as
4-byte integer numbers.

The storage of 4 bytes per pixel of integral image is not acceptable due to the limited memory of the
Epiphany coprocessor, however we found a way to efficiently calculate LBP-features without using
an integral transform. To do this, it suffices to approximate the sums s; ; by four terms (similar to
numerical integration by the midpoint-rectangles method). Differences in the results of face detec-
tion caused by this approximation are not significant.

One could leave just one central pixel from each sum, and consider such features as some new
LBP-features, but this approach requires retraining of the classifier to achieve former accuracy. The
usefulness of our code is higher if it can use pretrained OpenCV classifiers, so we decided not to
replace each sum s; ; by single term.
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Subexpressions of the form 27 - [sy, = s;,] from the expression (1) in OpenCV are implemented
using conditional operators. In our implementation, they are computed by taking the sign bit of the
difference sy, — s11, and shifting this bit to the right by the required number of bits, which gives an
additional performance gain.

Cascade classifier implementation

It is required not only to reduce the amount of classifier data, but also to make its structure such that
executable code is compact and fast. In fact, it is needed to minimize the sum of classifier data and
the size of executable code that uses this data: together they should be less than 16 kilobytes.

It was decided to place all classifier data in single memory buffer in the order in which classifier
uses it. This allowed to get rid of all memory pointers that OpenCV uses for linking different types
of classifier data. As a result, we came to the classifier architecture resembling virtual machine.
Classifier data is represented as a sequence of commands; Each command has fixed size and con-
tains the parameters necessary for execution, represented as integers. There are 3 types of com-
mands:

e The “feature-calculation” command: calculate LBP-feature, and add its score to the current
score of the classifier.

e The “end-of-stage” command: compare the current classifier score with the value written in the
command. If the current score is less, return “negative detection”, otherwise reset the current
score.

e The “stop” command: return “positive detection”.

To minimize the amount of data contained in “feature-calculation” command, the modifications de-
scribed below were performed First of all, condition (2) can be rewritten as follows:

. J J Jviywl gl
zljz Z vi,d:ef{Pi — N/, if LBP(X/], Y/, W, H)ESL,#(Z)
0, otherwise
By introducing new coefficients
J et j j J aet pJ J
T) & T —ZNi , vl pl— N #(5)

and by packing coordinates (X J Y.’ W’ Hl.j ) into 4 bytes of integer value Fl.j , We get classification
condition that does not have weights N/ :

nt

Z v/ [LBP(F)) e s/] =1/, [LBP(F/) eS| {1 if LBP(F/) € S 46
P 0, otherwise.

In the result, the source set of coefficients (3) is shortened to

Kgp = ((Fi]’sl!’lli]), T*])J'=1 D
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The largest amount of memory (256 bits each) is occupied by sets S{ of “desirable” values of LBP-

features (Fl.j ). These sets can be compressed, but this will lead to a significant slowdown of the de-
tection, so they were left as is.

The coefficients Vl.j and T/ are determined up to an arbitrary factor. The classification results will
not change if they are scaled to a sufficiently large range (for example, [0; 10°]) and then rounded.
Therefore, the algorithm (6) can be implemented over integer values. Moreover, we can remove

unwanted multiplication in expression (6) by observing that [LBP(F/) € S7] € {0; 1}. In this case,
the multiplication can be replaced by unary minus and bitwise “AND” operation, since —1 in two’s
complement form has all the bits set to one:

Z V) A (~[LBP(F)) € §7]) = T/. #(6")
i=1

The approach described in this section allowed storing classifier data in a contiguous memory sec-
tion having size of 6.15 kilobytes, which is only 10% more than the total volume of coeffi-
cients (7). This means that the developed data structure has only 10% of memory overhead. Recall
that OpenCV requires 300 kilobytes to store the classifier.

We should also mention the details of image scanning by detection window. In OpenCV, the first
few layers are scanned with 2-pixel steps in horizontal and vertical directions (a quarter of all the
possible window positions). At the same time, the remaining layers are scanned densely — with sin-
gle-pixel step. It seems that this approach was implemented to improve performance, but it leads to
quality decrease of small faces detection (having sizes in range from 24 to 48 pixels), as well as
problems with detections grouping. Because of the different scanning density, the detected groups
have in average 4x more items at low-resolution layers than at high-resolution layers. Therefore, it
is not possible to peek a “good” value for the parameter corresponding to the minimum number of
detections in a group: we get either many false-positive detections of large faces or lots of missed
small faces.

In our implementation, the detection window on all pyramid layers passes through the pixels in ac-
cordance to “checkerboard” pattern (the upper-left corner of the window passes half the pixels). As
a result, in our approach 40% more window positions are classified than in OpenCV. This leads to
better detection results (both due to larger number of windows, and due to their uniform distribution
over the layers).

Results

Despite the fact that the code written for Epiphany coprocessor can run almost unchanged on “regu-
lar” processor, for comparison with OpenCV it has sense to make simplified version of the code
intended only for CPU. This simplified version does not have tasks queue, tiles, and data-transfers.
When running on the central processor, the simplified code runs a little faster than the full code, and
consumes less memory.
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Measurements were made on images of different resolutions with faces of different sizes. The re-
sults and relationships observed in all cases were similar, therefore only single image is considered
below.

In Figure 3 it is presented the result of faces detection in an image with dimensions of 1600 X
1065 pixels. The results of OpenCV library are shown by squares, the results of our implementa-
tion are shown by circles. Our implementation found more faces due to the abovementioned denser
scanning of high-resolution layers. When detecting large faces (48 pixels or more), our results are
almost identical to OpenCV.

Fig. 3. Fragment of image with results of face detection (the whole input image is shown at top-left).
Rectangles are OpenCV results, circles are results of our implementation

Let's compare the amount of required memory in both implementations. Profiling showed that our
implementation when processing the mentioned image required 3.8 megabytes of additional
memory, at the same time, OpenCV required more than 8.5 megabytes. We come to the conclusion
that the presented implementation consumes about 2.2 times less RAM than OpenCV library.

The image processing time for OpenCV and our implementation turned out to be approximately the
same — 0.2 seconds on an Intel Core 17 processor (2 cores, 4 threads, clock speed 2.4 GHz). Given
that our detector checks for 40% more windows, we can conclude that our implementation is about
40% faster than OpenCV (the pyramid construction time is a small part of the detection time), or it
provides better detection accuracy at the same computational time.

Let's proceed to the experiments with Epiphany. We worked with a prototype system containing the
central processor AMD E-350 (2 cores, clock frequency 800 MHz), and the early version of the
Epiphany coprocessor, which has 16 cores and a clock frequency of 400 MHz.

Experiment 1: Face detection at single coprocessor core. Pyramid building at central processor
took 0.038 seconds. Face detection time measured on the coprocessor is 16.08 seconds (this does
not include the time of synchronization and data transfer). The total running time of the algorithm,
measured on the central processor: 16.46 seconds.
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Experiment 2: Face detection at 16 coprocessor cores. Pyramid building at central processor took
0.039 seconds; Face detection time measured on the coprocessor cores (without synchronization
time and data transfer): 1.0 seconds. The total detection time measured on the central processor is
1.08 seconds.

Experiment 3: Face detection at single core of central processor. Almost the same code is used as
for Epiphany, all calculations are carried out in the memory of central processor. Time to build the
pyramid: 0.032 seconds. Total face detection time: 1.34 seconds.

The following conclusions can be drawn from executed experiments:

e Synchronization and data transfer between shared memory and coprocessor takes 2.3% of the
total detection time in first experiment, and 7.4% of the time in second experiment. The in-
crease of overhead is expected, since the amount of transferred data is the same, but the total de-
tection time is reduced.

o Parallel efficiency of the code running on 16 cores is 95.3%. This is a high value, meaning that
usage of all 16 coprocessor cores is practical for face detection.

e From the data of third experiment it follows that computational complexity of pyramid building
is about 2.4% of the complexity of the entire algorithm, so taking this task out to the central
processor does not significantly affect the total running time.

e We should not conclude from the second and third experiments that the coprocessor is not worth
to be used, because, firstly, we had a coprocessor with reduced clock speed, and, secondly, the
AMD E-350 consumes much more energy. For an adequate comparison, it is necessary to take
into account the difference in clock frequencies, as well as die areas and power consumption.
We get that the Epiphany core with a clock speed of 800 MHz is about 6 times slower on this
task than the core of AMD E-350. This is a good indicator, considering that the Epiphany core
has die area of 0.3 mm? and a power consumption of 14 mW, and the core of the AMD E-350
has die area of 30 mm? and a power consumption of 8 watts.

Conclusion

The Epiphany microprocessor has architecture suitable for a wide range of tasks. It is optimized to
reduce power consumption, so it has prospects for use in mobile phones and tablet computers.

The presence of uniform memory addressing makes it possible to implement parallel algorithms
with different data transfer schemes, being within the C programming model.

In addition to these advantages, the microprocessor has drawbacks, primarily associated with small
amount of memory in each of its cores, and a limited amount of supported arithmetic operations.
These features make it impossible to effectively use codes developed for other processors; one need
to rewrite the code carefully thinking through data structures, their location in memory, and their
transfer between different memories.

Despite these difficulties, we managed to develop and implement an efficient face detection algo-
rithm that is compatible in terms of classifier data with face detection algorithm from a popular
software library OpenCV. It was demonstrated the feasibility of parallel implementation (speeding
up the detection) and its high efficiency when executed at 16 Epiphany cores.
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YJIK 004.93'1, 004.272.23, 004.258, 004.272.45
DddexTHBHAA AeTEKIUs JHI HA MHOTOsIZIEPHOM nponeccope Epiphany”

A. A. Cyxunos'™, I'. B. Octpo6pox

1 UAB “Pixelmator Team” BusbHroc, JIutsa
2000 «CuBmwxunJlaby, r. Taranpor, PO

B cratbe paccmarpuBaeTcsi BO3MOKHOCTD MCIIOJIB30BaHUS SHEProd(pHEeKTHBHOTO MUKPOIIPOLIECCO-
pa Epiphany s pemieHnst akTyanbHON NPHKIATHON 3aa4y — JIETEKIMHU JIUI[ HA H300paKECHHH.
DTOT MUKPOITPOLIECCOP MPEACTABISIET COO0OH MHOTOSZICPHYIO BEIYUCIUTENBHYIO CUCTEMY C pacipe-
JISTICHHOW MaMSITHIO, BBIOJHEHHYIO Ha OHOM Kpuctaiie. M3-3a Manoii miomaaym Kpucramia MUK-
ponporieccop 00J1aaeT CyIIECTBCHHBIMHU allapaTHBIMUA OTPAaHHMYCHUSMH (B YaCTHOCTH, OH HMEET
Bcero 32 kuioOaliTa mamMaTé Ha S/Ipo), KOTOPBIE OTPaHUYMBAIOT BHIOOP ITOPUTMA U 3aTPYIHSIOT
€ro MpOrpaMMHYIO peanu3aiuro. [1Jis AeTeKIMu NI alalTHPOBAH M3BECTHBIA aJrOPUTM, OCHOBAH-
HBII Ha KacKaJHOM Kiaccudukarope, ucnoin3yomiem LBP-npusnaku (Local Binary Patterns). ITo-
Ka3zaHo, 4yTo MuKponpoueccop Epiphany, umerommii 16 snep, Mmoxker Ha 3Toii 3amade B 2,5 pasa
000TrHATh OJHOSJCPHBINA MPOLIECCOP MEPCOHATBHOTO KOMITBIOTEPA TOM K€ TAaKTOBOW YacTOTHI, TIPU
9TOM noTpedssist muib 0,5 BaTTa AIEKTPUIECKON MOIITHOCTH.

KiioueBble cji0Ba: JIETEKIUS JIUII, JIOKAJIbHbIE OMHApHBIC AOJIOHBI, MapaieiabHas o0pa-
00TKa JaHHBIX, CTICHATH3UPOBAHHBIE MHKPOITPOIIECCOPHI, PACIIPEICICHHAS TTAMSTh.
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