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Abstract— The great variety of pixel dynamics of real-time
video processing systems, ranging from color, grayscale or binary
pixels, means that a careful design and specification of bit-widths
is required. It is obvious that the bit-width specification will
affect the total memory storage requirement. However, what is
not so obvious is that the bit-width specification will also affect
the design of the memory hierarchy, an impact similar for both
hardware and software implementations. We have developed an
Integer Non Linear Program (INLP) formulation for the
optimization of the memory hierarchy of real-time video
processing systems. An active surveillance video camera is
introduced as a test case. We demonstrate how the optimization
model can reduce the on-chip memory storage by 61 percent
compared to a non optimal memory hierarchy.

Index Terms— Bit-width, memory hierarchy, polyhedral,
video

1. INTRODUCTION

In Digital Signal Processing (DSP) systems huge amounts of
information are processed in real-time. Memory accesses
are the biggest contributor to power consumption in these
systems, which makes the optimization of memory structures
and memory access the key design challenge in achieving cost
effective implementations for embedded applications [1], [2].
Embedded digital signal processing systems in general and
video processing systems in particular, are often described
using a data flow graph (DFG) as the dominant programming
model. The nodes in a DFG capture the computation while the
edges capture the data flow dependencies. This is sometimes
known as functional modeling because no control information
(i.e. in what sequence the DFG is traversed) is included in the
model. When the number of data tokens produced and
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Fig. 1. The SDFG programming model and buffering of intermediate results.

consumed on all edges is known at compile-time, the DFG is
said to be synchronous (SDFG). The SDFG model was
developed and extensively used by Lee [3]. Fig. 1A depicts an
example of a simple SDFG. Operations 4 and B are both

applied to the input data stream. The resulting intermediate
data streams are fed into the last operation C where the output
data stream is computed.

The problem of calculating intermediate data storage and
retiming an SDFG will now be exemplified for a simple one-
dimensional DSP-system. However, the work presented in this
paper targets multidimensional DSP-systems. For example,
allow three operations to be scheduled in the order 4-B-C. See
Fig. 1B. This means that the input data read into operation 4
must also be stored in a buffer attached to the input of
operation B. The intermediate results from operations 4 and B
must then be stored in buffers attached to the inputs of
operation C (all buffers are labeled ). This sequential
traversal of the SDFG allows for an aggressive sharing of
computational resources among the operations [6].



In Fig. 1C, we now assume that the operations A, B, and C
can be pipelined and executed in parallel. The latencies, given
in number of clock cycles, are annotated to the operations as
o, f and u. The throughput of all operations is assumed to be
one data token per clock cycle, which means that a complex
scheduler is unnecessary. Thus, all nodes are executed at
every clock cycle. The input data stream fed into both
operations 4 and B must propagate and appear at operation C
at exactly the same clock cycle. In this example, o>/, and a
buffer (shift register) of size o-f elements is inserted at the
output of operation B as shown in Fig. 1C. The sequential
scheduling problem has thus, for this parallel execution, been
turned into a timing problem where data elements must appear
on the operation inputs at exactly the right clock cycle. Hence,
the buffers are now delay elements used to solve this timing
problem. These buffers must be placed at locations within the
SDFG such that the total memory storage requirement is
minimized.

In Fig. 1D, bit-widths are also annotated to the input-
intermediate- and output streams as 8 and 12 bits. This bit-
width information motivates a change of the buffer location
from B’s output stream in Fig. 1C to its input stream in Fig.
1D. This allocation is chosen because the buffer size will then
be reduced by a third, from /2(a-f) to 8(a-p) bits. This
storage size reduction is an example of a drastic effect on the
hardware implementation caused by a crucial design
refinement step [4]. At this refinement step, floating-point
data types are converted into there fixed-point representation,
where the number of used bits must be carefully selected. At
the same time, the gain in hardware complexity must be
balanced against subjective- and objective quality aspects
inherited from precision- and truncation effects [5].

The main contribution of this paper is an optimization
model that minimizes the storage size of all layers in a
memory hierarchy for Real-Time Video Processing Systems
(RTVPS) taking the bit-width information into account. The
next section will introduce the reader to related techniques
used for system modeling and memory optimization.

A. Related modeling and design automation techniques

IMEM [7],[8], is an extension of SystemC [9] that supports
the SDFG programming model for RTVPS. An RTVPS is
captured in IMEM as a coarse-grained multi-rate synchronous
data flow graph. All actors in this data flow graph are captured
using functional modeling. This means that all implementation
related details are excluded in the model. We have used
IMEM to model the experimental RTVPS presented in this
paper.

The pre-processing parts of an RTVPS are usually
neighborhood oriented. Examples of 2-D neighborhood
operations are convolution, histogram, spatial and gray-level
transforms, erosion, dilation, and component labeling [10].
Spatio-temporal RTVPS will operate on a 3-D neighborhood,
which will also increase data storage and transfer intensity.
Examples of 3-D operations are optical flow calculations and
scene change detection [11]. Fig. 2 depicts an example of a 3-
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Fig. 2. A 2-D pixel neighborhood slides over the input frame.

by-3-pixel spatial neighborhood. The neighborhood slides
over the video operation’s input frame in a progressive scan
order [11]. One output pixel is calculated at every
neighborhood position. Consequently, the data flow
dependencies are regular, meaning that they are the same for
every pixel position 4 except for the frame boundaries,
exemplified by positions B and C. Data dependency vectors
are drawn within the neighborhood for all three positions.

The High abstraction-Level Synthesis (HLS) of
neighborhood oriented RTVPS that we present in this paper
exploits the simplification from that only regular data flow
dependencies need to be considered. Regular dependencies are
thus a necessary condition for this work. However, for a
general HLS tool, regularity of data accesses can be improved
by the linear part of affine source code transformations [25].

HLS will require that a CAD-tool can automatically
calculate the length of intermediate buffers and also optimize
their placement in a memory hierarchy, such that the total
memory storage requirement is minimized. As shown above,
the optimization of placement and sizes of intermediate
buffers is possible when bit-widths are considered. This
optimization is a crucial task that goes beyond what is
traditionally meant by HLS. This is because our approach also
includes background memory management. Optimization of
the background memory was not previously considered in
HLS and was not the target of HLS before.

Memory requirement minimization has previously
motivated us to interface the IMEM model with the memory
storage estimation tool STOREQ [12], [13]. The input to
STOREQ is a polyhedral model of a DSP system. The output
of STOREQ is the optimal loop nest ordering and an
estimation of the required memory storage for individual data
dependencies, assuming a single homogencous bit-width. A
more accurate estimation of the memory resources requires the
correct bit-width information to be included for each
dependency.

Bit-widths can also be considered at register retiming, a
technique known to reallocate registers or memory, in order to
either find the fastest clock speed of a synchronous circuit or



minimize the amount of used registers or memory storage
[14], [15]. Further review of related work is outlined in
Section II.

B. Contributions

Utilizing the regularity of data accesses in RTVPS and the
coarse granularity of the IMEM model, we present in this
paper a formal model that captures the optimization problem
described above. The coarse granularity of our IMEM model
enables our technique to calculate the intermediate storage,
optimize its placement and also accurately estimate the total
memory storage requirement within fractions of a second. The
novel scientific contributions of this paper are:

e We show how SystemC modeling can be combined with
polyhedral program modeling for data dependency
analysis.

e We define an optimization model that minimizes storage
size of all layers in a memory hierarchy for RTVPS.

e To our knowledge, retiming has not earlier been
incorporated in a general polyhedral model. We show in
this paper, for RTVPS, how retiming is applied as a
polyhedral operation together with loop fusion and loop
shifting.

The remainder of this paper is structured as follows. The
next section reviews related work. Section III reviews our
previous research in the area of modeling and HLS of RTVPS.
Section IV describes the polyhedral modeling that the INLP is
based on. Section V explains how data reuse is exploited in a
perfect memory hierarchy at three levels. Section VI explains
the INLP optimization model. Section VII describes and
discusses an active video based surveillance camera and the
results achieved from optimization of its memory hierarchy.
Results from a synthetic RTVPS are presented and discussed
in Section VIII. The model is discussed in Section IX. Finally,
some conclusions are drawn in Section X.

II. RELATED WORK

Woodruff and Stonebraker present a comparison of
different heuristics that can be used to minimize the average
response time for a DFG implementation [17]. This
comparison was made for randomly generated data flow
graphs. Data types or bit-widths were not considered in this
work.

Williamson and Lee present a framework for the
implementation of SDFGs on hardware [18]. The output
system is modeled in the hardware description language
VHDL. A fixed scheduler that defines the execution order
without timing is developed. Latencies of the operations are
discussed for the future but are not included in this work. Bit-
widths or the size of the buffers for storage of intermediate
data are not discussed in this paper.

Adé, Lauwereins and Peperstraete have developed a theory
for determining the minimal sizes of buffers in a SDFG that
still guarantee a deadlock-free static schedule [19]. This work
cannot be applied directly to the parallel implementation
architecture that we target. Only consistency of a DFG is

considered. Latency of operations and bit-width of data tokens
must be incorporated to make this theory applicable to our
work.

Leiserson et al. [15] use a graph theoretic framework for
transforming synchronous circuitry. The minimum clock
period is altered through a relocation of registers. This
transformation aims to find the lowest possible clock period.
An alternative cost function that minimizes the total number
of registers is also given. The circuit optimization can then be
transformed into a minimum cost flow problem. A key
observation on this work is that it requires the order of
computation to be defined prior to optimization. This is a
major difference compared to our work where
multidimensional data flow dependencies are modeled in a
polyhedral space without defining the order of computation.

Passos and Sha [16] present a heuristic technique for
retiming of multidimensional DFGs. This retiming can be
considered as a multidimensional pipelining of loop bodies
with the goal of achieving full parallelism. This can be
achieved if all output edges on the DFG has a nonzero delay.
The work is restricted to homogeneous constant dependencies.

ATOMIUM is an environment that supports the Data
Transfer and Storage Exploration (DTSE) methodology
developed at IMEC in Belgium [1], [2]. ATOMIUM can take
a DSP algorithm all the way from a high abstraction-level
specification to customized hardware and processor level
implementations. The main focus throughout the entire design
process is towards memory- usage and transactions. Bit-
widths are considered as input for a data flow transformation
called delayline shifting [14]. This work provides a limited
formalism but ATOMIUM does not automate delay line
shifting. ATOMIUM is reducing the memory storage size
using global loop transformations without considering bit-
widths. However, the subsequent optimization steps do
consider bit-widths. In contrast, the work presented in this
paper reduces storage size using loop- fusion and shifting in
combination with a bit-width constrained retiming of the
SDFG.

Source code transformations for the compiler optimization
of programs are often described using a polyhedral model of
the program. This geometrical modeling of loop nests by
polyhedrons is a compact and a well-adopted mathematical
program description [20], [21]. It has its origin in systolic
design, where it is used for the analysis and improvement of
parallelism in programs compiled for multiprocessor
architectures [22], [23].

Equally, polyhedral modeling can be used to describe
source code transformations for the improvement of data
locality in multidimensional DSP-systems. Many different
research  groups have published automatic loop
transformations for the improvement of data locality. These
transformations improve data locality in single loop nests [24],
or better globally over many loop nests [25].

Until now, nobody tackled the combination SystemC
modeling, polyhedral modeling, memory storage estimation
and optimization, re-timing and bit-widths.
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Fig. 3. Data Flow Graph in IMEM.

III. MODELING AND SYNTHESIS WITH IMEM

This section is dedicated to the introduction and overview
of our previous research activities in the area of modeling and
synthesis of RTVPS.

A. Modeling

We model neighborhood oriented RTVPS using an
extension library to SystemC that we call IMEM [7],[8],[9].
Fig. 3 shows one IMEM module, (actor), two input- and one
output video streamers linked together in a coarse-grained
SDFG. The streamers are test-benches that provide and
capture simulation data to and from the model. The behavior
of an actor in this IMEM SDFG is defined by a conceptual
interface and memory model in combination with a functional
description of the filter kernel. Fig. 5A depicts a 3-
dimensional collection of pixels, a neighborhood that IMEM
uses as an abstraction. This abstraction expresses perfectly
regular data accesses, which is true for neighborhood-oriented
image processing operations [7], with the exception of frame

boundaries. We have chosen not to model boundary
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Fig. 5. A 3-dimensional collection of pixels.
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Fig. 4. The IMEM system development workflow.

conditions in IMEM because their impact on the size of the
final memory hierarchy is assumed to be negligible. Fig. 2
exemplifies two different border conditions labeled B and C
where the values of the outer pixel positions of the
neighborhood must be estimated based on the interior pixels.
This estimation is typically based on linear interpolation
techniques. Fig. 2 shows how the sets of data flow
dependency vectors for the border positions B and C are
subsets of the vectors for position 4. Thus, control- and data
flow of the computation will be affected by border conditions,
but not the memory hierarchy. The chosen interpolation
technique must be additionally specified and fully taken into
account at synthesis [26].

Fig. 5B shows an example of how the pixel neighborhood

in Fig. 5A is modeled in IMEM by a collection of design
entities. These entities are depicted as an object deployment
diagram using a UML-style notation. This diagram is only
shown as a graphical illustration of object instantiations made
in the C++-code.
IM _LINE(0,1,1) in Fig. 5B, corresponds to a line with relative
row address 0 and with one pixel to the left and one pixel to
the right. An arrow in Fig. 5A indicates this line. The first
group of entities, indicated by the horizontal axis in Fig. 5B
corresponds to the first frame in the neighborhood in Fig. SA.
Two examples of how individual pixels can be relatively
addressed within the neighborhood are shown in Fig. 5SA.
Video stream interfaces are modeled using a similar
technique.

B. Synthesis

IMEM Projector is a tool that currently can import an
IMEM model and perform an early memory storage
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for (R=0; R<L,; R++)
for(C=0; C<L,; C++)

if ( R>=0,, && R<O, +N, && C>=0,. && C<O, +N_)
A[R,C] = input();
if ( R>=0,, && C>=0,. && R<O_+N_  && C<O, +N,)
B[R,C] = Operator( A[R-O,+0,,,C-0,+0,.],
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Fig. 6. The polyhedral iteration space.

estimation by interfacing to the STOREQ tool [12],[13]. An
optimization model that captures the allocation of RTVPS
FIFO buffers to dual ported FPGA block RAMs will in future
be refined into a heuristic and included into the synthesis tool
[27]. Two different approaches for generating the necessary
addresses for the implementation of a set of RTVPS FIFO
buffers are compared [28]. The IMEM prototyping workflow
depicted in Fig. 4 demonstrates how our research on modeling
and high level synthesis fits into an implementation trajectory.
This workflow is defined at six different levels along the left-
hand axis. The video-processing algorithm is developed and
simulated using IMEM at level 1. This executable model can
then be verified through functional simulation.  Data
dependency information, frame sizes, composition of the 3-
dimensional neighborhoods and color space models are
exported into an interface and memory model at level 2. This
text file is the input to IMEM Projector and a synthesis
process at level 3. This is where memory estimation, hierarchy
optimization, allocation and address generation fits into the
trajectory. The synthesis of an interface and memory model
can be made more efficient by using the results from the

memory hierarchy optimization presented in this paper.

The functional mapping of an algorithm can interface directly
with the optimized interface and memory model and be
compiled at level 5. Level 6 corresponds to an FPGA-based
prototyping platform.

The prototype synthesis tool IMEM Projector is developed
in Microsoft VC++ using the MFC library. This programming
environment provides us with a quick path to a friendly
graphical user interface. IMEM Projector is currently able to
import a data flow dependency model from the SystemC
based modeling library IMEM [7]. The synthesis tool can
generate the necessary Matlab input files for the memory
estimation tool STOREQ and also execute a compiled version
of STOREQ [12]. The memory synthesis approach presented
in this paper is only implemented as a script of equations that
can be executed in the optimization tool Lingo [34]. The plan
for future work on IMEM Projector is to fully integrate the
presented memory synthesis by incorporating source code for
a commercially or freely available ILP solver. We have also
published work on subsequent synthesis steps such as FPGA
memory allocation [27] and address generation for FPGA
memories [28]. These two steps are also single scripts or
programs that will be integrated into IMEM Projector.

Our research on this application specific CAD-tool aims to
provide a non- hardware skilled engineer with a quick path to
the computing power of FPGAs. We believe that an FPGA
can be an attractive platform for implementing RTVPS.
FPGAs provide a combination of programming flexibility and
large amount of both logic and memory resources. The
synthesis technique presented in this paper is therefore
targeting FPGAs and the neighborhood oriented and thus data
intensive parts of an RTVPS.

IV. POLYHEDRAL DATA DEPENDENCY ANALYSIS

This Section will introduce sufficient details regarding the
polyhedral model for our discussions later in the paper. This
polyhedral model is used to capture RTVPS, operating on
three-dimensional video data. We also develop a number of
equations, later used to define the INLP we use for our
optimizations.

A. Modeling in the common polyhedral iteration space

Digital signal processing algorithms are typically described
by a set of non-perfectly nested loop nests. Fig. 6A depicts a
C-coded loop-nest where a video processing operation called
Operator is called within the loop body. The code in Fig. 6A
traverses the C dimension first and secondly the R dimension.
ReZ" and CeZ" are loop variables. It is also legal to change
the loop nest levels so that firstly dimension R and then C are
traversed. Fig. 6B shows the corresponding iteration space
regardless of the order of traversal.

Definition 1 An iteration in a loop corresponds to an
iteration node in the n-dimensional common polyhedral

iteration space S =2 ™ and is identified by its loop iterator



vector [ €S, [30].

I =(Iy,Ip, 1) ()
1, is the value of the j:th iterator. 7, is the innermost iterator.

The enclosed set of iteration nodes labeled B in Fig. 6B, are
the nodes where output pixels are written to array B and pixels
are read from array A. Set 4 corresponds to the iteration nodes
where input pixel data is written to array 4. These sets are
integral polytopes of equal size, further referred to as just
polytopes.

Definition 2: A group of iteration nodes in the common
polyhedral iteration space, bounded by a set of constraints is
defined as an integral polytope P and is formally denoted as a
set [21].

e T1, <I, <Ly ALy <I, <L A 2
Ay <1, <14 /\ieS”-X

Ir =z, I2p, 1) €Seis are the lower bounds for each

iterator and Iy = (I, lap, - Iy ) € Seig are  the  upper
bounds.
Polytopes, consisting of iteration nodes, where the

statements are executed, represents each statement in each
loop nest. Global loop transformations mean mapping all
polytopes, representing execution of all statements in a
program, to a common polyhedral iteration space. This
operation is in the sequel referred to as polytope placement.
During placement the polytopes are transformed to guarantee
legacy optimized for locality and regularity of the program
code’s data flow dependencies [25]. The order in which the
dimensions are traversed is not fixed in the common
polyhedral iteration space. This freedom is used in the
STOREQ methodology, which determines the best ordering
with relation to storage size requirements [29].

B. [teration space traversal

The enclosed smaller set of six iteration nodes within
polytope A in Fig. 6B corresponds to the neighborhood of
iteration nodes where pixel data is read by Operator and one
output pixel is computed and written to array B at iteration

node P.

Definition 3: A set of iteration nodes N, where data is
written to array 4 and that surrounds a central iteration
node Cis called a neighborhood of iteration nodes and we
define it as an integral polytope.

1 3)

W,
<L <G+ E A

- w, -1
11C - ‘2

Cz—W2_1s12sC2+W2_

A e

! <I,<C, +W"T_l/\1ﬂeScis

A Cn - an_ n

W =W, W,,...W,}e ODD*" A ODD* ={x\x=2~y+l/\yeZ+}

is a tuple of variables that defines how many iteration nodes
the neighborhood spans in each dimension of the common
iteration space S, .

The data dependency distance vectors in Fig. 6B, drawn
from all iteration nodes within the neighborhood of array A4 to
the output node P in array B corresponds to the data flow
dependencies. These dependencies are regular and thus will be
the same for all nodes within polytope B, except for all the
frame borders.

Definition 4: A data dependency distance vector V.., is
defined as going from the iteration node of data write, I,, to
the iteration node of data read, I,. The data dependency
distance vector 7, is thus constrained by the time period of

the write and read of the same memory location within array A4
[30],

v,

wrA

=1, -1, ,if Iy dependson I, through array A 4)

w

Iteration node O, in Fig. 6B is the origin (lower left corner)
of polytope A and O, the origin of polytope B. Node D is the

upper right corner of the neighborhood and E its lower left
corner. The number of iteration nodes traversed within
polytope X before node P =(P%, P¢) is denoted 1, (13), where
polytope X can be a dependency’s source polytope A or its
destination polytope B, X € {4,B}.

1§C(13)= N€ -(PR —0§§)+ P€-0§ (5)
Equation (5) holds true if the C-dimension is traversed firstly
and secondly the R-dimension. For the opposite traversal,

18(B)= MR- (P€ — 05 )+ PR - 0% (6)
At each iteration node within polytope A, data is written to
array A. At each iteration node within polytope B, a
neighborhood of data items are read from data array 4 and one
calculated data item is written to array B. The neighborhood of
data items read from array 4 are previously written to array 4
at an iteration node within polytope A. (They must all be
previously written in order to make all data flow dependencies
legal.) Regardless of the selected order of traversal, E will
always be the first node where pixel data is written to array A
within the neighborhood and also later read from array A at
iteration node P . Equally, node D will always be the last node
within the neighborhood where pixel data is written to array A4
and also later read from array A4 at iteration node P .

C. Memory storage

The total memory storage Sf required by the data flow
dependencies from all iteration nodes within the neighborhood

of polytope 4 to iteration node P within B can be calculated as
the number of traversed iteration nodes within polytope A at

node P minus the traversed iteration nodes within polytope 4
at node £ and multiplied with the bit-width. This is because all
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nodes traversed before node E will never be used as input
again for the calculation of output pixels. However, all nodes
traversed from node E to P will definitely be used again and
therefore the pixel data written to array A at all those nodes
between E and P must be kept in memory. From Fig. 6 we
see that iteration node E can be calculated as,

wk_1 WC—1]

Lo L O]
E=P-03+0, - PR

The total memory storage size of a dependency then becomes,
st = srw, (1 (P)-15(£) ®

R _ C _
:BTWA~[NC-[O§—O§+W2 1J+0§—0§+W2 1]

Equation (8) applies for a first-C-then-R traversal of the
iteration space. BTW,eZ" is the bit-width of each data

element in array A. The memory storage S%; for a first-R-

then-C traversal and can equally be developed.

D. Data dependency legacy constraint

Obviously, the memory storage according to Equation (8) is
reduced to zero if the distance vector between the two
polytope origins are set to

0p-0, :(—(WR 4]/2, 7(WC 71)/2) But the question
that must be answered is how close to each other can the two

polytopes be placed without violating the data flow

dependencies? The answer is that the pixel data at node D
within the neighborhood must be written to array 4 before the

pixel data at node P can be computed and written to array B.
Or equally we can say that the number of traversed nodes

within polytope 4 at node P must be greater than or equal to

Pixel Stream
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the number of traversed nodes at D . We see from Fig. 6B that
iteration node D is equal to,

oL . R_1 we_ )
D=P-0;+0,+ i l,W ! .
2 2
The data dependency legacy constraint then becomes,
1%¢(B)> 1%¢(B) (10)

R _ C_
NC (o0& -0%)+ 0§ -0 ZNC-WTl-rWZ !

Equation (10) expresses that the system must be causal.
This means that all pixels within the neighborhood must be
written to memory before the video processing operator
calculates the output pixel. This constraint can equally be
developed for a first row-then-column traversal.

E.  Minimum memory storage

If the result of Equation (10) is substituted into Equation
(8), we get the storage size of the neighborhood as the
minimum memory storage min(S ),

NSZES = min($5S )= Brw, - (N (W R ~1)+ W€ -1) (11)
Equation (11) expresses the lower limit of the storage size
of a dependency S, . This limit is set by the data dependency

legacy constraint in equation (10). The correctness of this
equation can be justified by studying the neighborhood
implementation depicted in Fig. 7. Fig. 7B shows a delay
network of FIFO-registers that implements the neighborhood
modeled in Fig. 7A and satisfies Equation (11) for a first-C-
then-R traversal. The labeled pixels within the neighborhood
in Fig. 7A can be identified as taps in the delay network in
Fig. 7B. Each FIFO is labeled with its number of elements.

The neighborhood storage size for a first-R-then-C traversal
can equally be developed.

Poo Po-1 P-11 P-10 D-1-1

Fig. 8. Neighborhood implementation with additional buffer.
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Fig. 9. Spatio-temporal neighborhood.

F. Size of intermediate buffer

Any memory storage calculated by Equation (8) greater
than the neighborhood storage calculated by Equation (11)
results in an additional intermediate delay buffer on the
neighborhood input. The storage size of this buffer for a first-
C-then-R traversal can then consequently be calculated as,

BUF ¢ = sk _ NSz RC (12)

R _ C _
= BTW, -[NC~[O§ -0f —W2 IJ—W !

+0§—0§J

The data dependency legacy constraint in equation (10)
allows the total memory storage S ,; of a dependency to be

greater but not less than then the size of the neighborhood.
Thus, equation (12) expresses memory storage additional to
the memory required by the neighborhood implementation.

Fig. 8 depicts a neighborhood as modeled in Fig. 6 but with
an intermediate buffer on its input. The buffer is labeled with
its length 7°%" €Z", given in number of elements. The buffer
size given in number of bits can be calculated according to
Equation (12). The buffer size for a first-R-then-C traversal
can equally be developed.

G. Spatio-temporal neighborhoods

A neighborhood-oriented video processing operation
sometimes has a temporal behavior where pixels from several
consecutive frames are inputs as output pixels are computed.
Examples of such operations are optical flow calculations or
spatio-temporal filters.

Fig. 9A depicts an example of a spatio-temporal neighborhood
where the number of frames, rows and columns are set to
WF=WR=WC=3. The number of frames W'=3 means that the
neighborhood contains the current frame plus two older

frames. Thus, W’ =1 means that only the current frame is

accessed. A parameterLF is used to explicitly model an
additional frame delay as shown in Fig. 9B.

Equation (5) and (6) defining the number of traversed
iteration nodes will now be expanded with the frame
dimension.

I7R(B)=NCNE (PF —0F)+ NC (PR =0k )+ PC—0S  (13)
[ER(B)= NCNR - (PF —0F)+ NR-(PC = 0§ )+ PR —0F  (14)
The memory storage S,z required by a spatio-temporal

dependency is given by expanding Equation (8) with the
frame dimension. This expansion is developed based on that
node D in the 2-dimensional iteration space is positioned at L*
in the frame dimension. See Fig. 6B and equation (9), Node D
then becomes,

(15)

R _ C _
D:P—OB+0A+Pij21,W2 C

Node E in the 2-dimensional iterations space, see Equation
(7), is positioned at L“-W*+1 in the frame dimension. Node E

then becomes,
k-1 WC-1J (16)

2 72

Node D, E and P are indicated in Fig. 9. With a neighborhood
that spans " frames, positioned L” frames earlier than the
output frame, the memory storage requirement S,z for a
spatio-temporal dependency becomes,

SR grw (177 (B)- 177 (E)) (17)
A complete definition of the dependency storage size Sz , the
storage size of the neighborhood NSZ,; and the size of the
intermediate buffer BUF 43, where the temporal dimension is
incorporated, can be found in the Appendix.

E:ﬁ—63+5A—(WF—1—LF,

H. Pipelined computational logic

At each clock cycle, all neighborhood pixels are used as
inputs to calculate a corresponding output pixel. The
throughput of the system is thus one pixel per clock cycle. The
design of the computational logic is therefore most likely
divided into several pipeline stages in order to cope with this
real-time constraint.

Fig. 10 shows an example of a pixel neighborhood with a
three-stage pipeline on the computational logic. There is one
register after each computational step. Hence, the output pixel
is then additionally delayed with the number of clock cycles,

TP € 7%, equal to the number of pipeline stages. This delay
can be added to the polyhedral dependency analysis by
rewriting the dependency legacy constraint as previously
defined by Equation (10). The number of traversed iteration

nodes at node P must now be increased equal to the number
of pipeline stages.

1ER(B)= 177 (D )+ REC T " (18)

REC,3 €{0,1} is set to 0 if the dependency is recursive,

otherwise it is set to /. This means that for a non-recursive

dependency, the number of traversed nodes at node P must

be equal or larger than the number of traversed nodes at D
plus the modeled pipeline stages.

Definition 5: At the destination node 7, of a data
dependency distance vector ¥,,,, the data flow dependent

statement performs computation. If and only if the result of
that computation is written to the same data array 4 as from
where data is also read and used as input for the computation,
we define the vector from node 7, to node 7, as a recursive
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Fig. 10. Neighborhood implementation with pipelined computational logic.

data dependency distance vector. This means that elements
that are computed and written into array A4 is data flow
dependent on a neighborhood of elements that are previously
written to the same array A.

Definition 6: We define a dependency D, within the scope
of neighborhood oriented RTVPS as the set of dependency
distance vectors stemming from a neighborhood of iteration
nodes Ny, where pixel data is written to array A4, to a
destination node 7, , where pixel data is read from array 4.

I {VW,,AEIiReSciSAViWeNAs.t.Vw,,ﬂsz—fW} (19)
=

Al r depends on I w througharray A

If the dependency distance vectors belonging to D, are
recursive, we say that dependency D, is a recursive
dependency. As a consequence of the selected SDFG
programming model, we assume that all elements in a given
data array can only be produced by one single SDFG node
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Fig. 11. Sharing of data storage between three buffers.

output.

For a recursive dependency, the source and destination
polytopes are thus the same, and the pipeline equally delays
both output and input pixels. Hence, the number of traversed

iteration nodes between node D and node P are not changed
by the introduction of a pipeline. The intermediate buffer must
be equally reduced with the number of elements
corresponding to the pipeline stages.

(20
N© . NE ~(0§ -0} —LF)+

FRC c R r WE-1
BUF ;- =BTW,-| N~ -| O =0}y — 2 +

WC—I_ PL
B

Op —05 -

If a dependency is recursive, the parameter L” must be less or
equal to minus one. Otherwise, the dependency will always be
non causal and thus illegal. The storage size NSZ, required by
the neighborhood implementation will remain unchanged due
to pipelining. This, because the minimum size required by the
data dependencies of a neighborhood will not change because
of an additional output delay caused by pipelined logic.
However, the additional data storage introduced by the
pipelined computational logic can now be estimated to,

PSy =Tyt - BTW, 21)

1. Sharing data storage between dependencies

Let us assume that three video streams B, C and D are data
flow dependent on the same source stream A4 and that the sizes
of these dependencies Sy, S4c and S,p are calculated in the
polyhedral space as defined in Section IV-C. S,z < Syc < Sip.



Then a direct implementation of the corresponding buffers
will be as depicted in Fig. 11A, where the rectangular nodes
correspond to the storage requirements of the dependencies
and the edges are video streams. However, for the RTVPS that
we are modeling, we can assume that all data items produced
at the iteration nodes of the source polytope are also read by
all dependent destination polytopes. This means that the A
data required to calculate B is a subset of the A data required
to calculate C, and likewise between D and C. Thus, sharing
of buffers are possible. This sharing is exploited in Fig. 11B
so that the total storage size for the three dependencies equals
max(SAB ,SAC ,SAD ): SAD-

10

J. Latency of a dependency

Definition 7 We define the latency of a dependency
TPEP ¢ 77, stemming from polytope 4 and going to polytope
B, as the number of clock cycles between the writing of the

pixel with coordinate (f,r,c) to array A and the writing of the
computed output pixel with coordinate (f,7,¢) to array B.

TPFP is the sum of latencies caused by the

buffer, 78YF < z*, and by the image processing operation

intermediate

OoP +
T el .

DEP _ 7:OP | 7 BUF
Typ =Ty +T4p

(22)
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Fig. 12. A) Neighborhood implementation without memory hierarchy.
B) Neighborhood implementation with a 3-level custom memory hierarchy.



The pipelining of computational logic T};L ezt and the

neighborhood delay T/fl\g{ ez*, in turn cause the latency of
the image processing operation.

T =Ty +Ty" (23)
Fig. 10 gives an example of how these latencies can appear in
the RTVPS circuitry. T%H can be calculated in the polyhedral

model as the number of traversed iteration nodes in polytope
A atnode D, see Fig. 9 and Equation (15), minus the number
of traversed iteration nodes in polytope 4 at the center of the
neighborhood, P—0, +0, +(LF ,0,0).

wk-1) we-1
FRC,NH _ »/C
TIRCNI — [ 5 J+ 5

(24)

Equation (24) expresses the number of clock cycles
required for a pixel value to pass the FIFO-buffers from the
input tap of the neighborhood to the center tap. This is equal
to the number of clock cycles the output frame of a video
processing operator is delayed by the neighborhood with
reference to the input frame.

ngF can be calculated from the size of the intermediate

buffer as defined by Equation (20) by simply dividing the
buffer size with its bit-width.
TERC.BUF _ BUF'RC (25)
BTW
Equation (25) expresses the length of the intermediate
buffer, or equally its latency given in number of clock cycles.

V. DATA REUSE EXPLOITATION

In DSP applications such as RTVPS, there is a high level of
data reuse. This means that a data item, previously computed
and written to memory, is later read, not once, but twice, or
even more, until it is finally consumed at the last read
operation. The normal design procedure is then to take a local
copy of the data item to a smaller memory or register at the
first time it is read. At the successive read operations, the data
item is read from the smaller memory instead of from the
larger memory. Speed or power performance can then be
gained [31]. If in addition, the DSP algorithm is manifest and
thus the control flow is known at compile time, it is possible
to design a custom memory hierarchy [31]. A custom memory
hierarchy interleaves all data fetches with the computation
based on a compile time analyzis of memory transactions.
Since neighborhood oriented RTVPS are manifest, we have
chosen this attractive solution. In comparison with a direct
mapped or set associative cache memory, the custom memory
hierarchy requires less hardware. This is mainly because the
additional tag memories can be avoided.

The set of FIFO buffers depicted in Fig. 7 implements a
spatial neighborhood. As an example, this spatial
neighborhood can be repeated for three consecutive frames as
depicted in Fig. 12A. We then get a spatio-temporal
neighborhood that spans three pixels in both the frame-, row-
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and column dimensions. We see that two additional large
frame buffers are now inserted into the series of delay lines.
The groups of taps labeled p, s and r correspond to the pixel
neighborhood of three consecutive frames. The storage size of
this neighborhood implementation can be calculated according
to Section IV-G. Theoretically, whole this implementation can
be implemented in a large off-chip memory. However, there
will be intensive data transactions with this large memory,
since the written data at the pixel input stream will be read
back 26 times at the different taps. The functional equivalent
neighborhood implementation shown in Fig. 12B is arranged
in a custom memory hierarchy with three levels. Which FIFO-
buffers that belongs to which hierarchy level is indicated by
L1 to L3. L1 are registers close to the data path. L2 are line
buffers and L3 are frame buffers. We see that the line buffers
at L2 contain pixel data that is a copy of a fraction of the pixel
data within the frame buffers at L3. Equally, the pixel data in
the registers at L1 is a copy of a fraction of the data within the
line buffers at L2. This compile time customized memory
hierarchy guarantees pixels to always be available at L1
exactly at the time of computation. This approach of copying
pixel data using a fixed level assignment for neighborhood
oriented image processing is well known [32]. We will use
this type of 3-level memory hierarchy when the optimization
technique presented in this paper is used for the memory
synthesis of RTVPS.

VI. MEMORY HIERARCHY OPTIMIZATION

The memory hierarchy optimization model described in this
section minimizes the total memory storage required by a
Video Processing Data Flow Graph (VPDFG). Fig. 13
summarizes the input and output parameters. These
parameters are described in detail in the Appendix. The
optimization model is an Integer Non Linear Program (INLP)
that is based upon the polyhedral model presented in Section
IV and the directed graph in Fig. 14.

Video Processing Data Flow Graph
Frame size

Neighbourhood sizes

Pipeline stages for each operation
Bit widths

v v ¥
Optimization model
vV ¥

Size of buffers for each data dependency
Total size of each dependency
Order of traversal:
- frame-row-column
- frame-column-row
Latencies

Fig. 13. Optimization model input- and output parameters.



A. Video Processing Data Flow Graph

A VPDFG, see Fig. 14, reads a number of input video
streams, which then results in the computation of a number of
intermediate- and output video streams. A VPDFG is a
directed graph G = (S,D) with a set .S of input-, output-, and
intermediate video streams and a set D of data flow
dependencies. SI = {1,2,~--,NV | NV e Z+} is an index of NV
number of video streams such that S={S, |keSI} and
D={Dy|seSIndeSI}. The nodes in this graph are the

video streams and the edges are the data flow dependencies.

B. Objective function

Equation (26) below defines the objective function that
must be minimized.
Minimize ZNSQ

QeSI
NSp€eZ" is the memory storage requirement associated with all
data flow dependencies stemming from the video stream
indexed by Q. We assume that sharing of data storage among
all these dependencies is fully exploited as explained in
Section IV-I. The INLP optimization is performed by placing
the polytopes in a common iteration space with their relative

(26)

origins O such that the total memory storage requirement is
minimized.

C. Constraints

A limited selection of the optimization model’s constraints,
which are necessary to understand the INLP concept, is
presented in this section. A complete listing of all constraints
can be found in the Appendix.
VAeSIAVBeSI
NS, > NSZ 43 + BUF ;5

Equation (27) expresses that the node storage NS, is the
maximum of all storage requirements associated with all
dependencies stemming from node 4. See Section IV-E and
IV-F for an explanation of NSZ and BUF. Remember that the
objective function, Equation (26), minimizes the sum of all
node storage NS,.

The mechanism to handle two possible orders of execution,
frame-row-column or frame-column-row is represented by two
binary variables, BIN={0,}, FRCeBIN and FCReBIN

together with Equation (28). FRC=1 and FCR=0 means that
frame-row-column is considered as an optimal solution, or
FRC=0 and FCR=] means that frame-column-row is
considered.
FRC+FCR =1 (28)
It is then possible to model the memory storage requirement
of the neighborhood implementation, Equation (29), as well as
the intermediate buffering, Equation (30), regardless of
execution order.
NSZ 45 = FRC-NSZ %€ + FCR- NSz 5®

27

(29)

BUF ;3 = FRC- BUFIXC + FCR- BUFI{® (30)
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Fig. 14. Video Processing Data Flow Graph (VPDFG).

D. How to solve the optimization model

The optimization model presented in Section VI-B and VI-
C is an INLP and has to be solved using techniques from
global optimization calculating many local optimum and then
finding out which one of these that is globally optimal [33].
This can be done directly with the LINGO software we use
[34]. The solution time is several minutes for our test problem
however, and it is probably not possible to solve larger
problems at all. Below we will therefore present a way to
solve our problem indirectly by transforming the INLP to an
Integer Linear Program (ILP) in the modeling phase. Hence,
we do not have to care about how to directly solve the INLP
formulated in Section VI-B and VI-C.

The key observation, that allows us to reformulate the
INLP, is that since the binary decision variables FRC and FCR
could not be set simultaneously the modeling will be much
more efficient if we change the model in the following way.

1. Define an input parameter vector /[FRC, FCR] that take
the values /1,0] or [0,1].

2. Skip constraint (28) in Section VI-C, since FRC and
FCR no longer are binary variables but constants.

3. Compare the solutions from setting /[FRC, FCR]=[1,0]
or [0,1].

4. Pick the one that gives the lowest objective value of the
ILP.

This procedure transforms the INLP to an ILP that has to be
solved twice (one for each combination in 3.) and we also get
rid of the binary variables. Another advantage of this
procedure is that ILPs are frequently solved problems in
operations research. Hence, the availability of software and
algorithms is much larger for this problem class then for
INLPs.

The LINGO software, that we have chosen, is a modeling
language that includes several solvers for linear and non-linear
programming where the variables can be continuous, binary or
integer. The ILP is solved in the following standard way by
LINGO.



1. The linear solver is used to calculate an LP that gives a
lower bound to the ILP relaxing all variables to be
continuous instead of integer. The solution to this LP is
obtained through the simplex method [35].

2. The integer pre-solver adds cutting planes through
constraints to tighten the feasible area for the ILP
[34][35][36]. The integer solver searches the tightened
feasible area, starting from the estimated lower bound,
with a method called branch and bound [34][35][36]. It
continues until the solver reaches the optimal solution
to the ILP.

Note that the branch and bound procedure in general can be
very costly since these types of problems in general are non-
convex [37]. However, if cutting planes can be added in an
efficient manner to approximate the feasible area of the ILPs
constraint set, the solution will be swiftly obtained. If we want
to stop the search to get a near-optimal solution this is also
always possible and an upper bound of the solution gap will
always be available.

In our case the solution time for the ILP is only fractions of
a second instead of some minutes for the INLP. This indicates
the possibility that through transforming the INLP to an ILP in
the modeling phase, we can solve much larger problems then
the one we present here.

VII. EXPERIMENTS ON A VIDEO BASED SURVEILLANCE SYSTEM

One example of an RTVPS is a smart camera, a term
normally used for a video camera with built-in computing
power [38]. Smart cameras are, for instance, used in robotic
vision where the information leaving the camera can be
statistics based on various objects [39]. The most important
idea behind the smart camera architecture is to collect video
data and then analyze, interpret, and reduce the information
before it leaves the camera.

The recent terror attacks have definitely made active video
camera based surveillance systems a “hot” research area [40].
This has motivated a set up of an experiment using a
surveillance camera for the observation of a car park [41]. A
captured video sequence from this video camera is used as
input stimuli for simulation of a smart camera [38]. A video
analysis algorithm that tracks and highlights moving objects is
simulated. The simulation is performed using the C++ based
modeling library, IMEM [8]. The goal of this experiment is to
apply the optimization model presented in Section VI, analyze
the resulting memory hierarchy, and thereby demonstrate the
effectiveness of the selected approach. The next section will
give a system description of the modeled surveillance camera.

A. Surveillance camera system description

Fig. 15A depicts an SDFG of the modeled surveillance
system. The input video camera source is labeled 4. Nodes B
to L are all neighborhood oriented video operations. Fig. 15B
depicts a series of sample output frames from nodes 4, C, E, H
and K. An intuitive description now follows of the
computation of intermediate- and output video streams.
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Fig. 15. Surveillance system data-flow graph and output sample frames.

Sample frame 4 in Fig. 15B shows a car park captured by the
color video camera. The monitored space has been free of
moving objects for a considerable amount of time, but
suddenly someone is approaching the cars.

Sample frame C shows the color background without the
moving person. The background frame is computed from a
temporal low-pass Infinite Impulse Response (IIR) filter at
node B and C. The input frame is then subtracted from the
background at node D and a threshold is applied at node £
resulting in a binary frame. The corresponding sample frame
E in Fig. 15B depicts a white object on a black background.
The system is thus able to extract the moving object from the
background.

Operations F, G, and H implement a morphological noise
reduction filter by means of a sequence of erode, dilate and
erode again [10]. The broken white areas on the white object
in sample frame £ are reduced, as can be seen in frame H.



Operations / and J implement a morphological edge detection
[10]. Operation L converts the input color video stream into a
grayscale video stream. At operation K, the detected edge of
the moving object is merged with the input grayscale video
stream such that the edge is highlighted red. Colors are not
visible in this paper but a white highlighted edge can be seen
surrounding the moving person in sample frame K.

The complete system description was captured by 970 lines
of source code using the IMEM library. IMEM is very
efficient in terms of code lines. Only about 40 percent code
lines are required if compared with using SystemC untimed
modeling style [7].

B. Results

The impact of the optimization model presented in Section
VI on the surveillance camera design in Section VII is
demonstrated in Table I. This table summarizes the input- and
output parameters from the general INLP solver Lingo. The
numbers in Table I are based on a frame size of R=460 and
C=620 pixels. The optimal order of execution where found to
be frame-column-row. The first column in Table I is a list of
all nodes in the SDFG. In Fig. 16, we see that intermediate
buffers labeled M, N, O and P are inserted as additional nodes
in the SDFG. Column 2 indicates the input stream for each
node. Column 3 and 4 are the size parameters for each
operator. All neighborhoods are square sized in the spatial
dimensions and thus, WX = W° Column 5 indicates the
occurrence of an additional frame delay L”, which is the case
for the single recursive dependency. Column 6 lists the
latencies for all operators 7% as defined by Equation (23) and
for all intermediate buffers 7% defined by Equation (25). To
simplify the analysis, the latencies 7°* caused by the pipeline
stages of the computation are all assumed to be one. Normally,
there will be a larger variety of the number of pipeline stages
that reflects the variety of complexity of the computation
being performed. Column 7 lists the memory storage
requirement caused by the neighborhood for each operator
input NSZ, see Equation (29), and for all intermediate buffers
BUF, see Equation (30) and (20). The last column lists the
storage required by the computational pipeline stages PS, see
Equation (21). Nodes B and C have image-processing
operators with pure temporal behavior. These dependencies
are assumed to be implemented using a large off-chip memory
as frame buffers. The sum of all off-chip storage at the bottom
of Table I includes the maximum of the operators B and C and
the buffer P. This is because these dependencies can share the
same storage. The size of the buffer at node O is reduced by
two thirds from 132912 to 44304 bits by re-allocating the
buffer from the non-optimal Allocation 1 to the optimal
Allocation 2. The size of the non-optimal Allocation 1 could
be calculated when the bit-width of the output of operation L
was increased to 25 bits. The total on-chip memory storage is
summarized for Allocation 1 and Allocation 2. The storage
requirement of buffer M is not included in these two sums
because this dependency can be shared with the neighborhood
of node I. We see that Allocation 2 reduces the total on-chip
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TABLE I
TIMING AND MEMORY REQUIREMENT FOR ALLOCATION 1 AND 2
Node | In |W= | W' | L" | T°Y"/T°" | NSZ/BUF | PS
wh [Cycles] | [Bits] | [Bits]
B A 1 110 &=1 0 24
B 1 2 | -1 &=1 6844800
C A 1 310 o=l 13689600 24
D A 1 110 p=1 0 8
B 1 110 B=1 0
E A 1 110 o=1 0 1
F Al 5 1 | 0| A=923 1844 1
G Al 9 1 | 0 | c=1845 3688 1
H Al 5 1 | 0| A=923 1844 1
I Al 9 1 | 0 | c=1845 3688 1
J A 1 110 B=1 0 1
B 1 110 p=1 0
K A 1 110 p=1 0 24
B 1 110 p=1 0
L A 1 110 =1 0 8
M - - - - | o=1845 1845 0
N - - - E+a=2 48 0
P - - - = 6844776
285199
O - - - - | x=5538 132912 0
On-chip storage for Allocation 1 144024
O [ -] - ] -1]-]yx=5538 44304 0
On-chip storage for Allocation 2 55416
Total off-chip storage 13689600

memory storage by 61 percent compared to Allocation 1.

Table II shows the timing and memory requirement for the
same surveillance camera when a single bit-width of 24 bits is
specified for all video streams. In this case, the chosen
allocation for buffer O has no effect on the total memory
storage size.

C. Analysis

In this section, we will analyze the optimized memory
hierarchy that was calculated and summarized in Table 1. The
scheduling of the data flow graph is done with maximal
parallelism of the computation. All nodes fire at every clock
cycle such that the throughput of all video-processing
operations is one pixel per clock cycle. This scheduling results
in a timing constraint, as also described in Section I. For
operators with more than one input, pixels have to arrive at the
exactly right clock cycle. Otherwise, data dependencies will
be violated. A manual timing analysis will be applied on the
surveillance camera, that way verifying the correctness of the
optimized memory hierarchy. This manual analysis is possible
here because of the very simple pipeline assumptions used in
our example. For more realistic pipelines with varying
latencies, an automated technique like ours is necessary. It
also assumes a detailed knowledge of the architecture and
algorithms, which cannot be presumed for the user of our
RTVPS tool suit. In Fig. 15A, we see that the timing



TABLE II
TIMING AND MEMORY REQUIREMENT USING A SINGLE BIT-WIDTH OF 24 BITS
Node | In |[W= |W"| L" | T°Y"/T°" | NSZ/BUF | PS
wr [Cycles] | [Bits] | [Bits]
B Al 1 10 E=1 0 24
B 1 2 | -1 &=1 6844800
C Al 1 310 o=1 13689600 24
D Al 1 110 B=1 0 24
B 1 110 B=1 0
E Al 1 110 o=1 0 24
F Al S 1 | 0| A=923 44256 24
G Al 9 1 | 0 | o=1845 88512 24
H Al S 1 | 0| A=923 44256 24
I Al 9 1 | 0 | o=1845 88512 24
J Al 1 110 B=1 0 24
B 1 1 10 B=1 0
K Al 1 10 p=1 0 24
B 1 1 10 p=1 0
L Al 1 10 =1 0 24
M - - | - | o=1845 44280 0
N - - - Eto= 48
P - - - - u= 6844776 0
285199
O - - - | - | x=5538 132912 0
On-chip storage for Allocation 1 398496
| -1 - [ -] -1 x=5538] 132912] 0
On-chip storage for Allocation 2 398496
Total off-chip storage 13689600

constraint must be resolved for operations D, J and K. In Fig.
16, additional buffers labeled M, N and O are inserted. The
latencies for each of the nodes B to L are denoted as &, o, 5 ¢,
A o, pandr, (€7, aeZ’, fe Z', pe Z', Ae Z', ce 7,
peZ , ueZ and re Z'. The latency for the buffer at node
M equals the latency of node 7 in order for the frames of the
two input streams to appear simultaneously without any phase
shift at node J. Similarly, the latency for the buffer at node N
equals the sum of the latencies of node B and C in order for
the frames of the two input streams to appear simultaneously
without any phase shift at node D. As for the buffer at node O,
the first conclusion to be drawn is that 2+¢@+24+20 > 7 and
thus it is necessary for the buffer to be allocated to the left-
side path in the dataflow depicted in Fig. 16. The timing
constraint for the two input streams at node K can then be
expressed as,
y+71=20+@p+21+20. 31
The right-hand side of Equation (31) corresponds to the chain
of latencies of the right-hand side dataflow path in Fig. 16.
The left-hand side of the equation corresponds to the left-hand
side of the dataflow. Two different allocations are possible for
node O. The buffer at node O will have the same latency, i.e.
the number of elements, for both Allocation 1 and Allocation
2. However, the fact that the bit-width of the L’s output stream
is a third of the bit-width of its input stream makes Allocation
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2 favorable. Buffer P has the latency of one frame minus one

clock cycle. This buffer is introduced because L* = —1 for the
recursive dependency. However, this frame buffer must be
reduced in length equal to the number of pipeline stages of
operation B.

Table II present the results from using one single bit-width
for all video streams. 24 bits was chosen for this experiment
since it is the maximum specified bit-width used for the results
in Table 1. This means that our optimization approach reduces
the on-chip memory storage by 86 percent compared to
existing tool sets based on global loop transformations. This is
possible since we uniquely specify the bit-widths of all video
streams within our polyhedral program model.

The manual timing analysis performed in this section
verifies the correctness of the optimization model. The
analysis is similar to the timing constraints applied in the work
of Leiserson et al. [15]. However, this one-dimensional
analysis can only be applied after that the order of execution is
specified, in this case, frame-column-row. The presented
optimization model will minimize the memory storage size for
all three hierarchy layers. Lower storage requirement will

Input from camera

Fig. 16. Surveillance system timing diagram
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TABLE III
OPTIMIZATION RESULTS FROM SYNTHETIC TEST CASES.
INPUT PARAMETERS OUTPUT PARAMETERS
C|Ln |Stream| BTW | T D [WR{WC[WF[ TBUF ™ NS PS (0OF,0%0% | (FRC,
[bits] | [cycles] [cycles] | [cycles] | [bits] | [bits] FCR)
1 1 8 - 12 ({33 ]1 0 461 11024 - (0,0,0)
2 1,311 |1 1378 0
1|3 2 8 3 241551 0 922 | 14752 | 24 0,4,1) 0,1)
4 3 24 8 34 (1] 1 ]1 0 0 0 192 (0,6,3)
5 4 8 5 - - - - - - - 40 (0,11,3)
6 Total minimized storage requirement for test case 1 2 26032 bits
7 1 8 - 12 {3131 0 461 7376 - (0,0,0)
2| 8 131711 1 922 0
9 2 8 3 24 [ 5] 511 0 922 14752 | 24 0,4,1) 0,1)
10 3 4* 8 34 | 1 1|1 456 0 1824 32 (0,10,2)
12 4 8 5 - - -1 - - - - 40 (0,11,3)
13 Total minimized storage requirement for test case 2 2 24048
14 1 8 - 1,2 [1*]1*] 1 0 0 0 - (0,0,0)
3115 1,311 1|1 0 0
16| 2 8 3 24155 |1 0 922 | 14752 | 24 (0,3,0) 0,1)
17 3 4 8 34 (1] 1 ]1 917 0 3668 32 (0,8,0)
18 4 8 5 - - - - - - - 40 (0,10,2)
19 Total minimized storage requirement for test case 3 > 18516
20 1 8 - 1,211 )11 0 0 0 - (0,0,0)
4121 13[1]1 1 0 0
22 2 8 3 24 [ 5] 511 0 922 14752 | 24 (0,3,0) 0,1)
23 3 4 1* 34 | 1 1 |1 924 0 3696 4 (0,1,0)
24 4 8 5 - - -1 - - - - 40 (0,10,2)
25 Total minimized storage requirement for test case 4 2> 18516
26 1 8 - 12 (1] 1 ]1 0 0 0 - (0,0,0)
5127 1,311 [1 0 0
281 2 8 3 24 |1 5] 1 0 2 32 24 (0,0,3) (1,0)
29 3 4 1 34 (1] 1 ]1 4 0 16 4 (0,0,1)
30 4 8 5 - - - - - - - 40 (0,0,10)
31 Total minimized storage requirement for test case 5 > 116

consequently result in less used FPGA block-RAMs as well as
a smaller background memory. This will in turn lead to
reduced power dissipation [31]. However, the complete
workflow as described in Section III is not implemented yet
and FPGAs are not used in our experiments. Instead, we
report the results from executing the presented optimization
model using the Lingo software.

VIIL.

We have done additional experiments on a synthetic
RTVPS that has a well specified VPDFG, but with an
undefined arbitrary computation. The purpose of this
experiment is to demonstrate how the optimization model
responds to a selection of changes of the input parameters.

A. Results

Fig. 17 shows the simple VPDFG that we have selected for
the synthetic RTVPS. The corresponding set of input- and
output parameters are shown in Table III. The values in this

EXPERIMENTS ON A SYNTHETIC VIDEO SYSTEM

table are based on a frame size of R=460 and C=620 pixels.
The first column lists a sequence of 5 cases of different
parameter inputs. The parameters that have changed from one
case to the next is indicated with a star *. The second column
Ln, is a list of table lines. The column labeled Stream is a list
of the video streams, numbered according to the VPDFG
shown in Fig. 17. The following columns, labeled BTW and
T, are input parameters as defined in Section IV. D is a
column that lists the dependencies between video streams, as
defined in the VPDFG. The following columns, labeled wr,
WS and W', are the geometrical dimensions of a
neighborhood, as depicted in Fig. 9. There are six columns of

. D, 52 D4
Input video s, g, |Outputvideo
stream 4 stream
D1 83 Ds4

Fig. 17. VPDFG of a synthetic RTVPS.



output parameters labeled 7°Y" |, TV, NS, PS, (O, O O¢) and
(FRC,FCR), which are defined in Sections IV and VI. These
output parameters are the result of the execution of the
optimization model defined in Section VI, taking the inputs
from the VPDFG in Fig. 17 and the inputs from the
parameters in Table III.

B. Analysis

The first case in Table III shows an example where
intermediate data storage is calculated and placed in the
dependency D, ;, going from video stream / to 3, see Fig. 17.
The buffer must be positioned along the lower data path to
make the sums of latencies for the upper- and lower data path
equal. It is positioned in dependency D; ; because of the larger
bit-width for video stream 3 and consequently larger buffer
size for dependency D ,.

In case 2, due to the decrease in bit-width for stream 3, to 4
bits, parts of the intermediate storage is shifted to dependency
D; 4. The neighborhood implementation of dependency D,
can share data storage with the intermediate storage positioned
in dependency D;; This is also the reason why in this case,
not all intermediate data storage is shifted. Note that the
origins of the polytopes corresponding to video streams / and
4 have not changed between case / and 2. This means that the
shift of the origin of the polytopes, corresponding to stream 3,
corresponds to a retiming of the VPDFG. This retiming
operation, performed within the polyhedral space, is
constrained by the change of bit-widths.

In case 3, the neighborhood parameters for dependency D, »
is reduced to ( W* ,W* W )=(1,1,1). T"" on line 14 is now
zero, which means that neighborhood implementation is thus
removed to zero length. The difference between 7 on line
16 and T°Y on line 17 is now equal to the difference of
pipelining 7" for stream 2 and 3 on line /6 and /7. This can
be explained by the timing, which requires that the sums of
the latencies for the upper and lower data path in Fig. 17 are
equal.

In case 4, the number of pipeline stages for computing
stream 3, is reduced from 8 to /. As expected, the same
reduction can also be observed on the inner dimension of the
polytope origins, see OF on line 17 and 23. We can also
observe that the total storage requirement has not changed
from case 3 to 4. This is because the mentioned reduction of
pipeline stages is compensated for by the equally increased
buffer size on dependency D;,. The total storage requirement
is the sum of node storage NS, and the sum of pipeline register
storage PS for all streams in the VPDFG, see Equation (49) in
appendix. This can easily be verified for all five cases.

In case 5, the geometrical dimensions of the neighborhood
are changed such that the optimal order of execution is
changed from frame-column-row to frame-row-column. This
modified unsymmetrical neighborhood spans five columns
and one row. Consequently, spanning those columns in the
inner loop dimension reduces the storage cost, which
motivates the change of optimal loop ordering.
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[X. DISCUSSION

In this section, we will discuss the presented formal
optimization model with respect to related research.

The formal model presented in Section VI is an Integer Non
Linear Program with its objective function tuned to minimize
the total storage requirement. The target application RTVPS,
operates on multidimensional data. A polyhedral model is thus
chosen to express the relation between multidimensional
iteration nodes, where data are produced and consumed. The
polyhedral model allows us, regardless of loop nest ordering,
to express constraints that guarantee the legacy of the data
flow dependencies. The perfect regularity of the data accesses
of RTVPS, further allows us to simplify its description. A set
of dependency vectors is simply modeled by the spanning
dimensions of the corresponding pixel neighborhood. This
simplification reduces the complexity of a dependency into a
bounding box model that can be compared with the
orthogonal simplification of irregular dependencies, as used in
[29].

The loop order frame-row-column, or frame-column-row,
as expressed in our model, is equivalent of doing loop
interchange of the common iteration space and is defined in
[42] as loop ordering. In their work, it was proved that the
incorporation of the loop ordering in the linear part of the
affine transformations, results in lower complexity in the
translation part of the affine transformations used for global
memory optimization in the DTSE methodology. The linear
transformation increases the regularity of the dependency
vectors, enabling more space for data locality improvement at
the translation step [25]. Since RTVPS are perfectly regular in
their data accesses, except for frame boundaries, we only
consider the ordering in the linear transformation part, which
do not affect the perfect regularity. The linear transformation
step is therefore not necessary in this case and can simply be
ignored except of the loop interchange for loop ordering. To
remove the linear transformation step except the loop ordering
reduces the problem's cost complexity and makes the
formalized INLP solving feasible. Since only loop ordering
and translation is concerned, the INLP problem can be
simplified to two instances of ILP problems, which are more
computationally effective. By this transformation, we consider
only one possible loop order at each problem instance by
using different sets of equations. To express global loop
ordering as a linear matrix operation as in [42], or using two
sets of equations, is in our case just a matter of selected
formalism. We further take into account the bit-width
specification, which is not considered in their work but is
shown to have a significant impact on the total storage
requirement in this work.

The proposed model is the mathematical description of the
storage size requirement for Real Time Video Processing
Systems (RTVPS). The model is derived from a high
abstraction-level model of the system described using the
IMEM library. The IMEM library is an extension of the
SystemC library. The model allows us to catch several



important concepts:

1. Intermediate buffer delay.

2. Neighborhood implementation delay.

3. Pipelining effects.

4. Bit-width
The optimization goal is to achieve the minimal storage size
requirement w.r.t. all of those concepts. This is achieved by
solving the INLP problem, where the ordering freedom and
the translation freedom (i.e. loop fusion and loop shifting) is
given and the bit-widths are taken into account. To our
knowledge, nobody has previously combined the high
abstraction-level system modeling for RTVPS with storage
size estimation and optimization taking the four important
concepts mentioned above into account.

X. CONCLUSION

We have presented a formal model that captures the
optimization of the memory hierarchy for neighborhood
oriented RTVPS. This formal model exploits simplifications
inherited from the coarse granularity of the VPDFG and the
almost perfect regularity of data accesses for RTVPS. This
complexity reduction makes the model solvable using a
general ILP-solver.

Using a surveillance camera design as an application
example, we have demonstrated a reduction of the on-chip
memory by as much as 61 percent compared to a non-optimal
memory hierarchy. A retiming of the VPDFG performed this
significant reduction of memory storage. We show that this
retiming can be efficiently incorporated as a polyhedral
operation, constrained by the specified bit-width information.

If compared with existing tool sets based on global loop
transformations, where all data types are specified to a single
bit-width, the reduction of the on-chip memory storage was 86
percent using our approach.

We expect the optimization result to be in the same order of
magnitude for other RTVPS, having parallel paths in the
dataflow graph and diversity in data types.

The memory storage optimization technique presented in
this paper is developed and demonstrated for RTVPS.
However, the same technique can be used for a broader range
of applications that can be described using the SDFG model,
such as wireless baseband, audio and image processing.

APPENDIX

The complete INLP optimization model is listed in this
appendix. Firstly, the sets of, input- and output parameters are
listed. Then the INLP is listed with its objective function and
all its constraints.

A. Sets

Following is a list of all data sets that the model operates
on.

e SI, S and D as previously defined in Section VI-A.

e  BIN €{0,l}, a binary variable space.
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. ODD+e{x|x:2~y+1/\yeZ+}are all positive odd

integers.

B. Input parameters
Following is a list of all the model’s input parameters.
e MOeZ"is the maximum coordinate value in all
dimensions for a polytope origin.
e NCeZ"is the number of columns in a video frame.
. N® € Z* is the number of rows in a video frame.
e USE, z €BIN is a variable that is set to / if the data

flow dependency stemming from the video stream
indexed by A€ SI going to video stream indexed by
B € SI exists in the VPDFG, otherwise it is set to 0.

e REC, 3 €BINis a variable that is set to / if the data

flow dependency stemming from the video stream
indexed by A€ SI going to video stream indexed by
BeSland A4=B, meaning that the dependency is
recursive, else it is set to 0.

. WAFB € ODD" is the size of the pixel neighborhood in

the frame dimension as defined in Section IV-G. This
variable applies for the data flow dependency
stemming from the video stream indexed by
A e SI going to video stream indexed by B e S/ .

o WL cODD"is the size of the pixel neighborhood in
the row dimension as defined in Section IV-A.
W/ﬁ; € ODD™ is the size of the pixel neighborhood in
the column dimension as defined in Section IV-A.

. LZB e Z is the size of the additional frame delay as
defined in Section IV-G.

* BIWyeZ * is the bit-width of each element of the data

array associated with the video stream indexed by
QeSI.

o T QP L e Z"is the number of pipeline stages for the
computation of each video stream indexed by Q € ST .

e [0ypeBINis set to 0 if the video stream indexed
by QO € SI is an input video stream, otherwise it is set to
1.

C. Output parameters
Following is a list of the model’s all output parameters.
e PSpez *is the memory storage requirement caused

by pipelining of the computation of the video stream
indexed by Q e 87, see Equation (21).

e NSyeZ “is the total memory storage requirement

represented by all data flow dependencies stemming
from the source stream indexed by QO € S7, to all other

stream Q.
flow dependencies

destination
NSQ assumes

streams dependent on
that all data

stemming from node Q share buffers, see Section IV-1.



e NSZ,;e€Z'is the memory storage requirement
corresponding to the neighborhood implementation of
the data flow dependency from stream AeSI to
stream BeSI. NSZ ,;is thus associated with each
edge in the VPDFG.

e  BUF,; € Z"is the memory storage requirement of the
intermediate buffer associated with the data flow
dependency (edge) from stream A €SI to stream
B €SI, see Equation (20) and (37).

3 T/&P e Z%is the latency caused by a video processing

operation associated with the data flow dependency
from stream A4 €SI to stream B e SI, see Equation
(23).

T fBUF € Z" is the latency caused by an intermediate

data storage buffer associated with the data flow
dependency from stream A € SI to stream B e SI .

e  FRC e BIN is a binary variable that is set to / if the
iteration space traversal is selected to frame-row-
column, else it is set to 0.

e FCRe BINis a binary variable that is set to [ if the
iteration space traversal is selected to frame-column-
row, else it is set to 0.

e STOREecZ" is the total estimated memory storage
required by the whole VPDFG.

. 5Q = (05 ,05,05 )e Z}isa tuple of coordinate values
of the origin for the polytope indexed by Q € SI .

D. Polyhedral model

Following is a list of basic expressions for the latencies and
memory storage sizes of intermediate buffers and
neighborhoods developed from a polyhedral model.

NENRF 1y« NR (W€ -1 (32)
NSZESR = pTw [ 0" )N )
R
+W" -1
NENRGE 1)+ NC (W -1 (33)
NSZERC = BTW, [ 0" =D+ N )
C
+W- -1
FRC,NH c (wR-1] w€-1 (34)
T, """ =N~ +
2 2
T;;CR,NH - NR. we -1 N wk_1 (35)
2 2
TgC’BUF — (36)
N¢-N¥ v(og—oj —LF)+
R _ C _
Nc~[0§—0§—W 1]+0§—0§—W Lpp

FCR,BUF _
Tyg =

NE.NR ~(0§ -0f —LF)+
we -1

NR-(og—oﬁf— j+0§—0§—

E. Objective function

Minimize ZNSQ
QeSI

F. Constraints
YAeSIAVBeSI
NS, > NSZ .5 + BUF

FRC+FCR=1

VAeSIAVBeSI

wk_1

T8 —USE . ~(FRC~TZ§C‘BUF + FCR-TRBUF )

VAeSI AVBeSI
BUF 3= BTW , - T5VF

VAeSI AVBeSI
NSZ , =USE 5 - (FRC - NSZRC + FCR

VAe SIAVBeSI

- NSZHCR )

T = USE 4 .(FRC.TEec,NH +FCR .T/f;CR,NH)

YAe SI AVBeSI
NE-NR.(Of -0 -1+

wh -1
Nc-[Og—Of—Ag]+
FRC-

og—of—L%_l

NR .[Og -0 _VI//g?_lJ+
FCR- 2

or —of —Lf%_l

YAeSI AVBeSI

OP _ "NH | mnPL
Typ =Ty +T3

vQeSI
_ mPL
PSy =T - BTW,
vQeSI
(05,05,05) <10,(MO,MO,MO)

STORE = )"(PSp+NSp)
PeSI

> REC ;5 - TH*
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