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Abstract. Applications for system on chips become more and more complex.
Also the number of available components (DSPs, ASICs, Memories, etc.) rises
continuously. These facts necessitate a structured method for selecting compo-
nents, mapping applications and evaluating the chosen configuration and map-
ping. In this work we present a methodology for the last named. We will consider
optimization of memory allocation and task scheduling as a packing problem and
minimize needed memory area. The results can be used as one element of an
automated performance analysis for a given system on a high abstraction level.
This analysis is essential for establishing a framework that iterates over alarge
quantity of possible systems. Considering a part of the H.264 codec as an exam-
ple we will illustrate the results. Furthermore we will show that results can be
retrieved fast compared to other NP-hard problems due to intelligent formulation
of conditions within the linear program

1 Introduction

In todays system on chip (SoC) design there is a big gap between register transfer level
simulations and higher abstraction level models. Efforts have been made to close this
gap in recent years. But commercial solutions still assume agiven system and con-
sider mainly the process of mapping tasks to the system components. The quality of
the system still depends on the knowledge of the system engineer. From the research
area frameworks are emerging that enable automatic iterations over various systems.
Unfortunately, performance analysis of the chosen mappingoften stays unrevealed, is
forwarded to the next lower abstraction level or focuses on heuristics like list schedul-
ing. In most cases also memory sizes are assumed as constraints and not as variables.
Therefore, overall execution time or throughput is optimized.

But memory allocation and scheduling strongly influences die size, power consump-
tion and moreover the whole communication architecture of the resulting SoC. Thus, an
early proper evaluation for the chosen memory hierarchy is necessary. For evaluation
exact algorithms are eligible, which are able to determinehow much memory is needed,
when tasks have to start and how data can be stored without fragmentation. We will
present a methodology that solves this problem for application tailored SoCs via lin-
ear programming. In doing so we show that this problem can be regarded as modified
packaging problem.



We will not focus on minimizing overall execution time but onminimizing used
memory resources under a given timing constraint. This is done for mainly two rea-
sons. First, in lots of applications in mobile networking a maximum overall execution
time is given, e.g. time for decoding a picture within a videostream. Second, after a sys-
tem is chosen and tasks are mapped to components and memories, the final die size is
only influenced by used memory capacities. Hence, this minimization of used memory
resources leads directly to minimization of necessary die size and silicon costs. More-
over, smaller memory capacities result in less energy consumption, which is crucial for
embedded systems in mobile devices.

We think of the presented methodology as a starting point forevaluating systems
configurations without time-consuming simulations and trial-and-error approaches. To-
gether with automated analysis of other metrics, automaticiteration over and evaluation
of various system configurations can be possible. The results can then be used for sim-
ulations on lower abstraction levels.

2 Related Work

A large contribution in closing the gap mentioned in section1 has been done by the
MESCAL [1] and Ptolemy [2] projects . These as many other tools (e.g. Artemis [3]) are
based on the Y-chart approach [4]. It describes the need and apossible modus operandi
for automatic iteration over various SoCs and different abstraction levels. Another ap-
proach based on integer linear programming and consideringthe entire mapping process
is presented in [5].

As mentioned in section 1 the focus of this paper is restricted to scheduling. Pio-
neering work has been done by Liu and Layland back in 1973 [6] and Baruah et. al. [7].
Since then a lot of papers were presented treating scheduling in different ways. Many
approaches focus on minimizing makespan, e.g. [8] and neglect optimization of mem-
ory requirements. An optimization methodology for energy consumption under agiven
memory size can be found in [9].

A possibility to minimize memory requirements is presentedin [10]. Therein the au-
thors focus on minimizing buffer requirements for all rate-optimal schedules. In contrast
we consider all schedules meeting the (given) timing constraint. Furthermore multiple
memories as well as restrictions on simultaneous memory accesses are included.

In some tools multi-objective optimization (MOO) is used, e.g. [11]. But we rejected
optimizing both makespan and resources simultaneously. From the mathematical point
of view MOO has some downsides. Firstly, it produces a set of pareto-optimal solutions,
from which the preferred one has to be chosen manually. Secondly, the existence of
more than one solution prevents solvers from efficiently making use of branch&bound
techniques. Latter leads to significantly higher solving times and, therefore, the ne-
cessity to use suboptimal heuristics or genetic algorithms. However, if optimization of
more than objective is wanted, our result is suitable for a first step optimization in an
lexicographical objective environment.

A mathematical introduction with a collection of algorithms for classic scheduling
problems mainly treating minimizing makespan can be found in [12]. An approach for
a classification scheme regarding resource-constraint scheduling is presented in [13].



3 Methodology

The given problem ”Minimizing total needed memory capacityvia scheduling” can
be formulated as a modified two-dimensional strip packagingproblem (2D-SPP). The
2D-SPP describes the problem of packing boxes of fixed width and height into a strip
of fixed width in such a manner, that total height is minimizedand boxes are non-
overlapping. It is described more detailed in [14].

We assume that the application is given as algorithm. Dependencies between the
tasks (e.g. functions, operations) are data dependencies described by variables. In our
model execution time of a task depends on the used component and memories. So exe-
cution time is fixed after mapping of tasks to components and memory. Components in
this context are defined as elements processing tasks, such as Microprocessors, DSPs,
ASICs, FPGAs, etc. A task itself consists of three phases:

1. fetch, in which needed data is transferred into the work memory,
2. execute, in which the task is performed by the assigned component,
3. write back, in which data is transferred into other memories for furtherprocessing.

Furthermore we presume a given maximal overall execution time by the standard speci-
fication. Therefore, the number of possible paths/branchescaused by if/then conditions
is finite and loops can be eliminated by series arranged tasks. In case of data dependent
iteration counts each possible number of iterations is considered as one possible path.

Applying this scenario to the problem of scheduling tasks and packing variables into
memory the x-axis is time (where maximum execution time is determining the width
of the strip) and of the y-axis is memory capacity (Fig. 1). The given problem placing
variables and scheduling tasks necessitates a slight modification of the classic 2D-SPP,
because there are not only one but two kinds of boxes to be packed:

1. Outer boxes represent the life cycles of variables. A life cycle starts when the vari-
able is initialized in or transferred into memory and ends when it is needed no
longer or transferred into another memory. The life cycles (respectively memory
requirements) of the variables are the lengths (heights) ofthe boxes.

2. Inner boxes. Life cycles consist of different phases: phases, where the variable is
used by a task or for transfer, and phases, in which the variable is stored, but not
accessed. The inner boxes are characterized by the times thevariable is accessed by
tasks or transferred to another memory. Consequently, these boxes are nested in the
outer boxes. The widths of the inner boxes are determined by the execution times of
the corresponding tasks, the heights again are given by the memory requirements.

Note that the width of the inner boxes is given by the execution time of the referring
task and fixed after mapping. In difference to classical 2D-SPPs the width of the outer
boxes is variable due to the mutable storage times of variables between tasks. The two
kinds of boxes are resulting in two different kinds of condition blocks in the later given
mixed integer linear program (MILP) as visualized in Fig. 1:

1. Order conditions. As a result of data dependencies between tasks the inner boxes
cannot be packed arbitrary regarding the horizontal position, e.g. if taski has to be
completed before taskj starts. These dependencies are included by one-dim. order
conditions.



2. Placement conditions. This condition block is related to the two-dimensional place-
ment conditions of the outer boxes (variables). In principle the positioning of these
is free unless they do not overlap (respectively are not stored in the same memory
address), but maybe restricted by order conditions referring to the inner boxes.

life cycle variable 1 time
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address of 
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order conditions

exec. time
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Fig. 1. Illustration of the scheduling problem interpreted as two-dimensional strip-packing prob-
lem. Outer boxes identify the life cycles and memory addresses of variables, inner boxes denote
the execution times of tasks

Fig. 1 illustrates only one possible path in the flowchart andone memory. Optimiza-
tion however has to be simultaneous for all possible paths and existing memories. This
is done by ensuring that all tasks that exist in two paths start at the same time and vari-
ables, whose life cycles overlap in two paths, are placed at the same memory address.
To consider multiple memories multiple 2D-SPPs are merged in one superior 2D-SPP.
Both are described more detailed in the following section.

4 Detailed Problem Formulation

We will now present the mathematical formulation of the verbal given modified 2D-SPP
as mixed integer linear program. But before we start, we needsome definitions.

4.1 Definitions

With xi ≥ 0 (respectivelywi ≥ 0) we denote the start time (execution time) of taski.
yi ≥ 0 (hi ≥ 0) specifies the start memory address (memory requirements)of variablei.
W represents the maximum overall execution time. Furthermore we use the variables
ui, j, bi, j andb′i, j as follows:

ui, j :=

{

1 if variablei is placed below variablej
0 otherwise

(1)

bi, j :=

{

1 if variablei is placed before variablej
0 otherwise

(2)



b′i, j :=

{

1 if taski ends before taskj starts
0 otherwise

(3)

cn denotes the vector of available memory capacities for memory n, an the vector of
areas for the respective memory capacities andH ≥ maxn cn a constant. Let

zn,k :=

{

1 if capacity stepk is chosen for memoryn
0 otherwise

(4)

Supplementary we need some set definitions. Let

Mn
g,v :=

{

(p, t)
∣

∣

∣

phasep of taskt in pathg is accessing variablev in mem-
ory numbern

}

(5)

which is according to the set of all phase/task pairs accessing the variablev in pathg
and memoryn. Within that set we denote the phasep and taskt in which the life cycle
of the variablev in memoryn is beginning (ending) withsMn

g,v
(eMn

g,v
) ∈ Mn

g,v.

Mn
g := {Mn

g,1,M
n
g,2, . . .} (6)

is the set of all variables allocated in memoryn. Analogous we defineEn
g := {e1,e2, . . .}

andSn
g := {s1,s2, . . .}. These are the sets of tasks being end and respectively startof the

lifecycle of a variable in memoryn and pathg.

4.2 Placement Conditions

First all boxes have to be placed within the strip or in other words have to end before
maximum overall execution time. This is done by

xi +wi ≤W ∀i ∈ Mn
g,v, ∀g,n (7)

To implement the corresponding vertical condition block wehave to go into more
detail. Since classic 2D-SPPs are NP-complete the range of solvable problems in finite
time is limited. But the good news is that this special case ofthe problem (or to be more
precise the minimization of needed memory resources) does not have to be solved ex-
actly. Memory capacity is only available in discrete capacity steps, usually to the power
of 2. So if memory is available for example in 32KBit and 64KBit it makes no differ-
ence if the capacity needed is 52KBit or 33KBit, as long as optimization cannot result
in ≤32KBit and a solution≤64KBit is capable. This characteristic is implemented by

yi +hi ≤ ∑
k

cn,kzn,k ∀i ∈ Mn
g , ∀g,n (8)

and

∑
k

zn,k = 1 ∀n (9)

(8) guarantees that all outer boxes are placed below the chosen memory size, (9) makes
sure that exactly one memory size is chosen for each existingmemory. Considering as



an example we will show in the following section that this minimization of memory
capacity, not total needed memory, will result in considerable less time needed to find
an optimal solution than minimizing total required memory resources.

Having ensured that all variables are placed within the memory and all tasks are
completed before maximum execution time we have to ensure that two variables exist-
ing in the same path and memory are not allocated to the same memory address. That
means all boxes (inner as well as outer ones) must not overlap. This is assured by

xei +wei −W +Wbi, j ≤ xs j (10)

yi +hi −H +Hu j,i ≤ y j (11)

b j,i +bi, j ≤ 1 (12)

u j,i +ui, j ≤ 1 (13)

u j,i +ui, j +b j,i +bi, j ≥ 1 (14)

(10) – (14) hold∀i, j ∈ Mn
g , i 6= j, ei ∈ En

g , s j ∈ Sn
g, ∀g,n. For each pairi, j of boxes (14)

ensures at least one of the four conditions resulting from (10) and (11) is not redundant
with xi ≥ 0 oryi ≥ 0 respectively. (12) and (13) prevent overlapping of the boxes. There
is always one phase of a task constituting the start and end ofthe life cycle of a variable.
So to prevent overlapping of the outer boxes, it is sufficientto postulate (10) only for
the inner boxes delimiting an outer box.

To include if/then-conditions into the MILP (15) is added. It guarantees the place-
ment of a variable existing in two possible pathsg1 andg2 in the same vertical spot if
at least one task is shared by the two paths.

yMn
g1,v

= yMn
g2,v

∀Mn
g1,v ∈ Mn

g1
, Mn

g2,v ∈ Mn
g2

: ∃(p, t) ∈ Mn
g1,v ∩Mn

g2,v, ∀n (15)

Note, by definition a task existing in two possible paths is always started at the
same time. However, if differentiated starting times are desired, a slight modification
in terms of incorporating identifiers for the correspondingpath by additional indices is
necessary. It is also presumed that loops are eliminated. Remark that infinite loops do
not exist due to the given maximum overall execution time resulting in a finite number
of possible tasks.

The given set definitions also guarantee that two inner boxeswith the same tag in
different memories are located on the same spot horizontally. Hence, the starting time
of the associated task is independent of the accessed memories. These facts and (15)
are the only placement conditions between different paths and memories.

4.3 Order Conditions

The order conditions are defined by the application and can bederived from the flow-
chart. There are two different kinds of order conditions. Firstly, (16) denotes that taskj
is dependent on taski.

xi +wi ≤ x j (16)



Secondly, the number of simultaneously performed tasks by one component or the
quantity of simultaneous memory accesses by different tasks can be limited. (17) and
(18) are an example for such a limitation.

xi +wi −W +Wb′i, j ≤ x j (17)

b′i, j +b′j,i = 1 (18)

In the given case the number of simultaneous accesses to one memory by tasks is limited
to one. Formulation for other cases can be adopted easily.

4.4 Objective Function

The objective function is given by

∑
n

∑
k

an,kzn,k → min (19)

With (19) total area used by memory components on the system is minimized. Area in
this model is given by the sum of areas of all used memory elements. Other components
of the system are unaccounted because these elements are fixed after mapping. More
sophisticated definitions for calculating die size can be integrated easily by modifying
the objective and adding additional constraints.

5 Results

We have tested the methodology with a part of the H.264 video codec [15] from the
Fraunhofer Hertz Institute Berlin, namely the functiondecodeMBInter. The problem
characteristics are shown in table 1.

Table 1.Characteristics of the examined H.264-part

# of tasks 14
# of paths 14
# of variables 21

Fig. 2 illustrates the given data dependencies. Maximum overall execution time,
times of tasks, memory requirements of the variables and memory capacity steps are
a first estimate for a possible SoC configuration. Data dependencies were modified
slightly to include possible parallel processing of tasks mapped to different compo-
nents. Parallel processing of two tasks mapped to the same component was forbidden.

We assumed two components and two memories. One acting as system memory
equipped with a single port and one representing a shared memory with double port.
The mapping of tasks to components is shown in table 2. Note that tasks 1 and 14 denote
dummy tasks identifying start and end. Consequently they donot have to be assigned to
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Fig. 2. Flowchart of the examined H.264-part. Numbers in the boxes identify thetasks, numbers
beside the arcs label variables. Temporary variables needed only withinthe tasks are later referred
by the number of the corresponding task. Task 1 and 14 denote additional inserted starting and
ending tasks, which are not assigned to components

any components. Local memory for both components is the shared memory. To simulate
memory transfers and the three phases fetch, execute and write back in our model a
temporary variable is transferred from system to shared memory at the beginning of
each task. After execution the variable is transferred backto system memory.

Table 2.Assumed mapping of tasks to components for the examined H.264-part

component executed tasks
1 2 – 5
2 6 – 13

Optimization was done for the shared memory. The resulting MILP had 814 vari-
ables (thereof 748 binary) and 1491 constraints. Fig. 3 illustrates the result. As you can
see the depicted solution is far away from minimum overall memory usage but optimal
in respect to the chosen memory capacity step. The problem was solved in about 5 sec-
onds on an AMD Dual Opteron System with 2.2 GHz processors each using CPLEX
9.1.

By contrast the solving time for minimizing needed memory capacityh (with mod-
ified condition (8):yi + hi ≤ h and without condition (9)) took more than 500 sec. or
in this case> 10,000% compared to minimizing needed memory capacity step. It also
illustrates the possible impact of a slightly different MILP formulation. The reason for
this big difference is the utilization of the memory capacity steps as upper and lower
bounds. If during the algorithm automatically generated lower bound and the capable
solution are in between the same two memory capacity steps the algorithm terminates.
This behavior is illustrated in Fig. 3, where optimization is stopped after a solution of
32 Kbit is capable and a solution of 16 Kbit is ruled out.

We also performed a trade off analysis with a different system configuration. The
shared memory was replaced by a single ported memory for eachcomponent. Opti-
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Fig. 3. Illustration of the optimized schedule of tasks and allocation of variables in respect to
memory capacity step. Light blue boxes mark the outer boxes representing the life cycle of the
variables, narrow boxes denote the phases in which a variable is transferred/initialized and blue
boxes identify the inner boxes representing the tasks accessing the required variables. The labels
of the boxes identify tasks – variables

mization resulted in a required memory capacity of at least 32 Kbit for each compo-
nent. Although single ported memory is smaller compared to double ported, the overall
needed die size was almost the same for both configurations. For calculation we used
custom designed memory elements by UMC/Virtual Silicon Technology.

6 Conclusions

In section 5 we have demonstrated a methodology for memory allocation and task
scheduling applicable to real life problems of small size. The solution time shows that
the full potential of the methodology is not tapped by the passed problem.

Furthermore our approach is highly flexible. The assumptionthat a task consists
of the three phases, is not a must. Inclusion of additional phases or reduction to one
phase is possible without large effort. Latter can be reasonable, if exact execution and
transfer times are not known in an early design stage, but a first estimation model for
scheduling is desired. For this case also data dependenciescan be reduced to simple task
dependencies. Moreover the methodology does not care what is stored in the memory.
The MILP formulation holds for data as well as instruction code. Also, the type of
memory to be optimized is arbitrary. Thus, scratchpad memory, register files, etc. can
be simulated.

As mentioned in section 2 there exist methods for optimizingmemory allocation
under given memory capacities. Examination of possible combination of these meth-
ods with our methodology could lead to a refinement of existing high abstraction level
models and consequently could be the next step for automatediteration over and per-
formance evaluation of several systems.
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