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Abstract

In system-level design, applications are represented as task graphs where tasks (called nodes) have mod
erate to large granularity and each node has several implementation options differing in area and execu-
tion time. We define the extended partitioning problem as the joint determination of the mapping
(hardware or software), the implementation option (called implementation bin), as well as the schedule,
for each node, so that the overall area allocated to nodes in hardware is minimum and a deadline con-
straint is met. This problem is considerably harder (and richer) than the traditional binary partitioning
problem that determines just the best mapping and schedule. Both binary and extended partitioning prob-
lems are constrained optimization problems and are NP-hard.

We first present an efficient ()N heuristic, called GCLP, to solve the binary partitioning problem. The
heuristic reduces the greediness associated with traditional list-scheduling algorithms by formulating a
global measure, called global criticality (GC). The GC measure also permits an adaptive selection of the
optimization objective at each step of the algorithm; since the optimization problem is constrained by a
deadline, either area or time is optimized at a given step based on the value of GC. The selected objective
is used to determine the mapping of nodes that are “normal”, i.e. nodes that do not exhibit affinity for a
particular mapping. To account for nodes that are not “normal”, we define “extremities” and “repel-
lers”. Extremities consume disproportionate amounts of resources in hardware and software. Repellers
are inherently unsuitable to either hardware or software based on certain structural properties. The map-
ping of extremities and repellers is determined jointly by GC and their local preference.

We then present an efficient (@(N N2B), for N nodes and B bins per node) heuristic for extended parti-
tioning, called MIBS, that alternately uses GCLP and an implementation-bin selection procedure. The
implementation-bin selection procedure chooses, for a node with already determined mapping, an imple-
mentation bin that maximizes the area-reduction gradient of as-yet unmapped nodes. Solutions generated
by both heuristics are shown to be reasonably close to optimal. Extended partitioning generates consid-
erably smaller overall hardware as compared to binary partitioning.

This research is part of the Ptolemy project, which is supported by the Advanced Research Projects Agency and the U.S. Air
Force (under the RASSP program F33615-93-C-1317), the Semiconductor Research Corporation (SRC) (project 95-DC-324-
016), the National Science Foundation (MIP-9201605), the State of California MICRO program, and the following compa-
nies: Bell Northern Research, Cadence, Dolby, Hitachi, Lucky-Goldstar, Mentor Graphics, Mitsubishi, Motorola, NEC, Phil-
ips, and Rockwell.
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Introduction

1.0 Introduction
]

System-level design usually involves designing an application specified at a large granularity. A typ-
ical design objective is to minimize cost (in terms of area or power) while the performance constraints
are usually throughput or latency requirements. The basic component of the system-level specification is
called ataskor a node.

The key issues in system-level design @aditioning, synthesissimulation,anddesign methodol-
ogy managementhepartitioning process determines an appropriate hardware or software mapping and
an implementation for each node, given several hardware and software implementation options for every
node in the task-level specification. A partitioned application has $griibesizedndsimulatedwithin
a unified framework that involves the hardware and software components as well as the generated inter-
faces. The system-level design space is quite large and the system-level design problem cannot, in gen
eral, be posed as a single well-defined optimization problem. Typically, the designer needs to explore the
possible options, tools, and architectureslesign methodology managemé&amework helps to man-
age the design space exploration process. We have developed a software environment, Daléegithe
Assistantthat addresses all these issues [1]. The Design Assistant consists of: (1) specific tools for parti-
tioning, synthesis, and simulation that are configured for a particular hardware-software codesign flow,
and (2) an underlying design methodology management infrastructure for design space exploration. In
this paper we will focus on the partitioning problem.

A very important aspect of system-level design is the multiplicity of design options available for
every node in the task-level specification. Each node can be implemented in several ways in both hard-
ware and software mappings. T@rtitioning problem is to select an appropriate combination of map-
ping and implementation for each node. For instance, a given task can be implemented in hardware using
design options at several levels.

1. Algorithm level Several algorithms can be used to describe the same task. For instance, a finite
impulse response filter can be implemented either as an inner product or using the FFT in a shift-
and-add algorithm. Figure 1 shows the direct and transform forms for a biquad.

2. Transformation levelFor a particular algorithm, several transformations [2] can be applied on the
original task description. Figure 1-b shows two such transformations.

3. Resource levelA task, for a specified algorithm and transformation set, can be implemented using

varying numbers of resource units. Figure 1-c shows two resource-level implementation options for
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the direct form biquad.

A particular task can thus be implemented in several ways. To illustrate this further, Figure 2 shows
the Pareto-optimal points in the area-time trade-off curves for the hardware implementation of typical
nodes. The sample period is shown on the X axis, and the corresponding hardware area required to imple
ment the node is shown on the Y axis. The left-most point on the X axis for each curve corresponds to the
fastest possible implementation of the node. The right-most point on the X axis for each curve corre-
sponds to the smallest possible area. Thus, the curve represents the design space for the task in a har

ware mappinb Similarly, different software synthesis strategies can be used to implement a given node
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Figure 1. Hardware design options for a “node”.
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in software. For instance, inlined code is faster than code using subroutine calls, but has a larger code
size. Thus, there is a trade-off between code size and execution time.

In summary, each node in the task-level description can be implemented in several ways in either
hardware or software. It is not sufficient to just determine whether a node is to be mapped to hardware or
software — the appropriate implementation needs to be determined as well. A system-level specification
consists of a number of tasks and the goal is to optimizevitrall design. Clearly, it is not enough to
optimize each task independently. For example, if each task in the task-level specification were fed to a
high-level hardware synthesis tool that is optimized for speed (i.e., generates the fastest implementation),
then the overall area of the system might be too large. Thus, a mapping and implementation that opti-
mizes the overall design should be selected for each node.

In addition to mapping and implementation selection, a third aspect of partitioningclsetduleéhe
application i.e., determine when each node exec8tdseduling after fixing a mapping and implementa-
tion leaves little flexibility in meeting the timing constraints; hence scheduling should be done simulta-

neously with mapping and implementation selection.
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Figure 2. Typical hardware implementation curves.

1. We generated each of these curves by running a task-level Silage [3] description of the node through Hyper [4].

The Extended Partitioning Problem 4 of 40



Introduction

Thus, the goal of partitioning is to determine three parameters for each task: mapping (hardware or
software), implementationtype of implementation to use with respect to the algorithm, transformation,
and area-time value), and schedulbdénit executes, relative to other tasks).

Partitioning is a non-trivial problem. Consider a task-level specification, typically in the order of 50
to 100 tasks. Each task can be mapped to either hardware or software. Furthermore, within a given map-
ping, a task can be implemented in one of several options, as shown in Figure 2. Suppose there are ¢
design options for each node. Thus there are fﬁgﬁjesign options in the worst case! Although a
designer may have a preferred implementation for somepjsagdes, there is still a large number of
design alternatives with respect to the remaining nodes %) Determining thebestdesign option
for all the nodes is, in fact, a constrained optimization problem. The design parameters can often be used
to formulate this problem as an integer optimization problem. Exact solutions to such formulations (typi-
cally using integer linear programming (ILP)) are intractable for even moderately small problems. In this
paper, we propose and evaluate heuristic solutions. The heuristics will be shown to be comparable to the
ILP solution in quality, with a much reduced solution time.

We study the partitioning problem in two stages, binary partitioning and extended partitioning.
Binary partitioningis the problem of determining, for each node, a hardware or a software mapping and
a scheduleExtended partitionings the problem of selecting an appropriate implementation, over and
above binary partitioning. Currently published approaches on hardware/software partitioning focus only
on the binary partitioning problem; one of the contributions of this work is the formulation of the
extended partitioning problem. Before we formally define these two problems, we digress briefly to out-
line the key assumptions in our work.

Assumptions

System-level design is a very broad problem. We restrict our attention to the design of embedded
systems with real-time signal processing components. Examples of such systems include modems for
both tethered and wireless communication, cordless phones, disk drive controllers, printers, digital audio
systems, data compression systems, etc. The partitioning techniques discussed in this paper are based ¢
the following assumptions:

1. The precedences between the tasks are specified as a directed acyclic graGrF(UxA(A))Z. The

throughput constraint on the graph translates to a dedd)ine., the execution time of the DAG

2. Such a DAG can be generated from a synchronous dataflow (SDF) graph, which allows loops and multirate operationsgthius maki
possible to represent a reasonably large class of applications [5].
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should not exceeD clock cycles.

2. The target architecture consists of a single programmable processor (which executes the software
component) and a custom datapath (the hardware component). The software and hardware compo-
nents have capacity constraints — the software (program and data) size should noASxcesn-
ory capacity) and the hardware size should not ex@ddd The communication costs of the
hardware-software interface are represented by three param@igrsn 8Somm andt.omm Here,
ahcomm(@%omn IS the hardware (software) area required to communicate one sample of data across
the hardware-software interface &pgl,nis the number of cycles required to transfer the data. The
parametenh.ommrepresents the area of the interface glue logicaang,represents the size of the
code that sends or receives the data. In our implementation we assume a self-timed blocking mem-
ory-mapped interface. We neglect the communication costs of software-to-software and hardware-
to-hardware interfaces.

3. The area and time estimates for the hardware and software implementation bins of every node are
assumed to be known. We assume that, associated with every isoadardware implementation
curveCH;, and a software implementation cu®§. The implementation curve plots all the possi-
ble design alternatives (referred to iagplementation binjsfor the node.CH; = {(ahj, thij),
jd NHi } whereahj andthij represent the area and execution time when ndenplemented in
hardware binj, andNH, is the set of all the hardware implementation bi@§. = {(as, ts/),

j O NSI }, where asj andtsq-j represent the program size and execution time wheninsdeple-

mented in software bip andNS is the set of all the software implementation bins. Within a map-

ping, the fastest implementation bin is calledin, and the slowest implementation bin is cated

bin. In the case of binary partitioning, where a single implementation bin is assim#dg,as, and

ts represent the area and execution time in hardware and software respectively. The specific tech-

niques used to estimate these values are described in Section 4.0.

4. We assume that there is no reuse between nodes mapped to hardware.

Problem Definition

The binary partitioning problem (P1): Given a DAG, area and time estimates for software and
hardware mappings of all nodes, and communication costs, subject to resource capacity constraints and
deadlineD, determine for each nodethe hardware or software mappirid; and the start time for the
execution of the node (schedale such that the total area occupied by the nodes mapped to hardware is

minimum.P1is NP-hard and can be formulated exactly as an ILP [1].
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The extended partitioning problem P2): Given a DAG, hardware and software implementation
curves for all the nodes, communication costs, resource capacity constraints, and a requireddjeadline
find a hardware or software mappird;), the implementation birB{*), and the schedulg;) for each
nodei, such that the total area occupied by the nodes mapped to hardware is minimum. It is obvious that
P2is a much harder problem th&d. It has (21‘3)"\II alternatives, give® implementation bins per map-
ping.P2 can be formulated exactly as an integer linear program, simitd #n ILP formulation forP2
is given in [1].

The motivation for solving the extended partitioning problem is two-fold. First, the flexibility of
selecting an appropriate implementation bin for a node, instead of assuming a fixed implementation, is
likely to reduce the overall hardware area. In this paper, we investigate, with examples, the pay-off in
using extended partitioning over just mapping (binary partitioning). Secondly, from the practical perspec-
tive of hardware (or software) synthesis, solutioR2provides us with the best sample period or algo-
rithm to use for the synthesis of a given node.

The rest of the paper is organized as follows. In Section 2.0, we discuss some of the related work in
the area of hardware/software partitioning. In Section 3.0, we present the GCLP algorithm to solve the
binary partitioning problem. Its performance is analyzed in Section 4.0. In Section 5.0, we present the
MIBS heuristic to solve the extended partitioning problem. The MIBS algorithm essentially solves two
problems for each node in the precedence graph: hardware/software mapping and scheduling, followed
by implementation-bin selection for this mapping. The first problem, that of mapping and scheduling, is
solved by the GCLP algorithm. For a given mapping, an appropriate implementation bin is selected using
a bin selection procedure. The bin selection procedure is described in Section 6.0. The details of the

MIBS algorithm are described in Section 7.0, and its performance is analyzed in Section 8.0.

2.0 Related Work

|
Binary Partitioning
Guptaet al.[6] discuss a scheme where all data-independent nodes are initially mapped to hardware.
Nodes are at an instruction level of granularity. Nodes are progressively moved from hardware to soft-
ware if the resultant solution is feasible and the cost of the new partition is smaller than the earlier cost.
The scheme proposed by Henkehl.[7] also assumes an instruction level of granularity. All the nodes

are mapped to software at the start and then moved to hardware (using simulated annealing) until timing
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constraints are met. Bare$ al. [8] present a two-stage clustering approach to the mapping problem.
Clusters are characterized by attribute values and are assigned hardware and software mappings based ¢
their attribute values. D’Ambrosiet al. [9] describe an approach for partitioning applications where
each node has a deadline constraint. The input specification is transformed into a set of constraints that is
solved by an optimizing tool called GOPS, which uses a branch and bound approach, to determine the
mapping. Thomast al.[10] propose a manual partitioning approach for task-level specifications. They
discuss the properties of tasks that render them suitable to either hardware or software mapping. In their
approach, the designer has to qualitatively evaluate these properties and make a mapping decision.

Next, we briefly discuss some work in related areas such as software partitioning, hardware parti-
tioning, and high-level synthesis to evaluate the possibility of extending it to the binary partitioning prob-
lem. The heterogeneous multiprocessor scheduling problem is to partition an application into multiple
heterogeneous processors. Approaches used in the literature [11][12] to solve this problem ignore the
area dimension while selecting the mapping; they cannot be directly applied to the hardware/software
mapping and scheduling problem. Considerable attention has been directed towards the hardware parti-
tioning problem in the high-level hardware synthesis community. The goal in most cases is to meet the
chip capacity constraints; timing constraints are not considered. Most of the proposed schemes (for
example, [13][14]) use a clustering-based approach first presented by Campbsanfil5]. The
approaches used to solve the throughput-constrained scheduling problem in high-level hardware synthe-
sis, (such as force directed scheduling by Paatlel. [16]), do not directly extend to the hardware/soft-
ware mapping and scheduling problem.

Extended Partitioning

The authors are not aware of any published workftratulates or solvethe extended hardware/
software partitioning problem in system-level design. The problem of selecting an appropriate bin from
the area-time trade-off curve is reminiscent of the technology mapping problem in physical CAD [17],
and the module selection (also called resource-type selection) problem in high-level synthesis [18], both
of which are known to be NP-hard problems.

The technology mapping problem is to bind nodes in a Boolean network, representing a combina-
tional logic circuit, togatesin the library such that the area of the circuit is minimized while meeting tim-
ing constraints. Gates with different area and delay values are available in the library. Several approaches
([19], among others) have been presented to solve this problem. The module selection problem is the

search for the best resource type for egmdration For instance, a multiply operation can be realized by
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different implementations, e.qg., fully parallel, serially parallel, or fully serial. These resource types differ
in area and execution times. A number of heuristics ([20], among others) have been proposed to solve

this problem.

3.0 The Binary Partitioning Problem: GCLP Algorithm
|
In this section, we present the Global Criticality/Local Phase (GCLP) algorithm to solve the binary

partitioning problemR1).

3.1  Algorithm Foundation
The underlying scheduling framework in the GCLP algorithm is basdidtstheduling21]. The
general approach in list scheduling is to serially traverse a node list (usually from the source node to the
sink node in the DA and for each node to select a mapping that minimizes an objective function. In
the context oP1, two possible objective functions could be used: (1) minimizéritst timeof the node
(i.e., sum of the start time and the execution time), or (2) minimizaréaeof the node (i.e., the hard-
ware area or software size). Neither of these objectives by itself is geared toward Baj\singeP1
aims to minimize area and meet timing constraints at the same time. For example, an objective function
that minimizes finish time drives the solution towards feasibility from the viewpoint of deadline con-
straints. This solution is likely to be suboptimal (increased area). On the other hand, if a node is always
mapped such that area is minimized, the final solution is quite likely infeasible. Thus a fixed objective
function is incapable of solving1, a constrained optimization problem. There is also a limitation with
list scheduling; mapping based on serial traversal tends to be greedy, and therefore globally suboptimal.
The GCLP algorithm tries to overcome these drawbacksldptivelyselects an appropriateap-
ping objectiveat each stépto determine the mapping and the schedule. As shown in Figtire B1ap-
ping objective for a particular node is selected in accordance with:
1. Global Criticality (GC): GC is a global look-ahead measure that estimates the time criticality at
each step of the algorithr&C is compared to a threshold to determine if time is critical. If time is
critical, an objective function that minimizes finish time is selected, otherwise one that minimizes

area is selectedC may change at every step of the algorithm. The adaptive selection of the map-

3. Note that we are not restricted to a single source (sink) node. If there are multiple source (sink) nodes in the DAG, they
can all be assumed to originate from (terminate into) a dummy source (sink) node.

4. Astepcorresponds to the mapping of a particular node in the DAG.
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/ y Obj1 I

GC min(finish time)
global (time) n Obj2
criticality min(% resource consumed)
measure threshold
Local Phase delta a * Phase 1 (Extremity)
(nodal preference / « Phase 2 (Repeller)
properties measure) « Phase 3 (Normal)
Figure 3. Selection of the mapping objective at each step of GCLP.

ping objective overcomes the problem associated with a hardwired objective function. The “global”
time criticality measure also helps overcome the limitation of serial traversal.

2. Local PhasgLP): LP is a classification of nodes based on their heterogeneity and intrinsic proper-
ties. Each node is classified as an extremity (local phase 1), repeller (local phase 2), or normal (local
phase 3) node. A measure calledal phase deltamuantifies the local mapping preferences of the
node under consideration and accordingly modifies the threshold uS€iciomparison.

The flow of the GCLP algorithm is shown in FigureNdrepresents the set of nodes in the graph.
Nu(Ny) is the set of unmapped(mapped) nodes at the current\gtép initialized toN. The algorithm

l J,NU:N: Ny =D

( Compute GC )\
Identify Local Phase Select
and Compute A Objective

Select Mapping M;
Find start time ¢;

Select Node
Among Ready
Nodes

Ny < {i} Ny = N}
update(Tremaining)

[N] times

yes
l {M;, t}
Figure 4. The GCLP Algorithm.
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maps one node per step. At the beginning of each step, the global time criticality n&2ssireom-
puted.GC is a global measure of time criticality at each step of the algorithm, based on the currently
mapped and unmapped nodes and the deadline requirements. The details of this computation will be
given in Section 3.2. Unmapped nodes whose predecessors have already been mapped and scheduled &
calledreadynodes. A node is selected for mapping from the set of ready nodes using an urgency crite-
rion, i.e., a ready node that lies on the critical path is selected for mapping. Details of this selection are
given in Section 3.4. The local phase of the selected node is identified and the corresponding local phase
delta is computed. The details of this computation will be given in Sectio®8.and the local phase

delta are then used to select the mapping objective. Using this objective, the selected node is assigned
mapping M;). The mapping is also used to determine the start time for the fpdEhé process is

repeatedN| times until no nodes are left unmapped. Next, we describe the computad@n of

3.2  Global Criticality (GC)
GCis a global look-ahead measure that estimates time criticality at each step of the algorithm. Fig-
ure 5 illustrates the computation GC with the help of an example. At a given step, the hardware/soft-

ware mapping and schedule for the already mapped nodes is known (Figure 5-a). Using this schedule anc

) h u D™ hw ?I
() @I:@ - sw |1]3 time
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Figure 5. Computation of Global Criticality
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the required deadling, the remaining tim&,g, is first determined. Next, all the unmapped nodes (nodes

4 and 5 in this example) are mapped to software and the corresponding finigiy tsrmputed, as

shown in Figure 5-b. Suppose ti&exceeds the allowed deadlibe Some of the unmapped nodes have

to be moved from software to hardware to meet the deddrefine this to be the sBk . Suppose

that in the examplé\ls_; = {5}. The new finish time T") is then recomputed as shown in Figure 5-c.

GC at this step of the algorithm is defined as the fraction of unmapped nodes that have to be moved from
software to hardware, so as to meet feasibility. A high val@®ihdicates that many as-yet unmapped
nodes need to be mapped to hardware so as to get a feasible solution, or in other words time, as ¢
resource, is more criticatC is thus a measure of global time criticality at each step. The following pro-

cedure summarizes the computatioras.

Procedure: Compute GC

Input: Mapped Ny,) and Unmapped\) nodesp, ts; th;, size, Oi ON
Output: GC

S1. Find the seélg_; of unmapped nodes to be moved from software to hardware to meet déadline
S1.1. Select a set of nodesNp, using a priority functiofPf, to move from software to hardware

S1.2. Compute the actual finish tinié'f based on theddg 1 nodes being mapped to hardware
S1.3.1fT">Dgoto S1.1

imz sizg

S2.GC = S— H 0<GC<1

im% sizg

U

In S1.1, the set of nodes to be moved to hardware is selected on the basis of a priority Rinction
One obviou$fis to rank the nodes in the order of decreasing software executiortgimesecond pos-
sibility is to use {g/th;) as the function to rank the nodes. This has the effect of first moving nodes with
the greatest relative gain in time when moved to hardware. A third possibility is to rank the nodes in
increasing order o&h;; nodes with smaller hardware area are moved out of software first. Our experi-
ments indicate that thes(th;) ordering gives the best results. S1.2 determines whether moving this set
Ns_y to hardware meets feasibility by computing the actual finish Tihé he finish time can be com-

puted by an Of| + N|) algorithm. If the result is infeasible, additional nodes are moved by repeating

5. Assuming there is at least one feasible solutidhltsatisfying the deadline constraint.
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steps S1.1 to S1.&C is computed in S2 as a ratio of the sum of the sizes of the nobligsjto the
sum of the sizes of the nodedNp. The size of a node is taken to be the number of elementary operations
(add, multiply, etc.) in the node.

As indicated earlierGC is a measure of global time criticality; a hi@€ indicates a high global
time criticality. GC has yet another interpretation; it is a measure of the probability (simplistically speak-
ing) that any unmapped node is mapped to hardware. This probability may change at each step of the

algorithm.

3.3 Local Phase (LP)
GC s an averaged measure over all the unmapped nodes at each step. This des&0gsuizks
local properties of the node being mapped. To emphasize their local characteristics, we classify nodes as

extremitieglocal phase 1 nodesgpellers(local phase 2 nodes), mormal nodeglocal phase 3 nodes).

3.3.1 Motivation for Local Phase Classification
Since nodes are atasklevel of granularity, they are likely to exhibit area and time heterogeneity in

hardware and software mappings. Nodes that consume a disproportionately large amount of resource or
one mapping as compared to the other mapping are catleeimitiesor local phase 1 nodes. For
instance, a hardware extremity requires a large area when mapped to hardware, but could be implemente
inexpensively in software. The mapping preference of such nodes, quantifiecekiyeanity measure
modifies the threshold used@C comparison.

Once a feasible solution is obtained, it is usually possible to further swap nodes between hardware
and software so as to reduce the allocated hardware area. GCLP uses the caapepeérsfor local
phase 2 nodes to perforom-line swapgas opposed to post-mapping swaps) of similar nodes between
hardware and software. To do this, we identify certain intrinsic nodal properties (called repeller proper-
ties) that reflect the inherent suitability of a node to either a hardware or a software mapping. For
instance, bit operations are handled better in hardware, while memory operations are better suited to soft-
ware. As a result, a node with many bit manipulations, relative to other nodes, is a software repeller,
while a node with a lot of memory operations, relative to other nodes, is a hardware repeller. Moving a
node with many bit manipulation operations out of software is thought of as genenapsdliag force
from the software mapping. Hence the proportion of bit manipulation operations in a node is a software
repeller property. Similarly, the proportion of memory operations in a node is a hardware repeller prop-

erty. A repeller property is quantified byepeller value The combined effect of all the repeller proper-
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ties in a node is expressed as rityeeller measuref the node. All nodes are ranked according to their
repeller measures. Given two nodes N1 and N2 with similar software characteristics, if N1 has a higher
software repeller measure than N2, and given the choice of mapping one of them to hardware, N1 is pre-
ferred. The details of the computation of the repeller measure are deferred to Section 3.3.3.

Let us see how the repeller measures effeonaline swapn GCLP. Suppose that the deadline con-
straint demands that only one of nodes N1 and N2 be mapped to hardware. In this case, the node with ¢
smaller hardware area (say N1) should be selected for hardware mapping. Consider the scenario wher
N1 is mapped at an earlier step than N2 (due to the serial traversal of the graph). If time is not critical
early on when N1 is mapped, mapping based>@nalone might map N1 to software. Later as time
becomes critical, N2 is mapped to hardware. N1 is, however, a better candidate for hardware mapping
than N2. In general, the preferences of all the nodes get modified by serial traversal and possibly subopti-
mal mapping choices are made. One way to address this is to swap nodes across mappings after the alg
rithm is done. Alternatively, we use the repeller measure of the node being mappeshdsearbiasto
modify the threshold used (BC comparison. To use our example, the software repeller measure of N1 is
used to bias its mapping out of software (towards hardware), thereby making it possible for the yet-unas-
signed node N2 to get mapped to software. The net effect of such on-line swaps is a reduction in the total
hardware area.

Normal nodes (local phase 3) do not modify the default threshold value; their mapping is determined
by GC consideration only. In the following sections, we outline procedures to classify nodes into local

phases and quantify their local phase measures.

3.3.2 Local Phase 1 or Extremity nodes
The bottleneck resource in hardware is area, while the bottleneck resource in software is time.

Extremities are nodes that consume a disproportionately large amount of the bottleneck resource on a
particular mapping (relative to the other mappinghakdware extremitynode is defined as a node that
consumes a large area in hardware, but a relatively small amount of time in softsaftevake extrem-
ity node is defined as a node that takes up a large amount of time in software, but a relatively small
amount of area when mapped to hardware. The rationale in moving a hardware (software) extremity
node to software (hardware) is obvious.

The disparity in the resources consumed by an extremity ingdguantified by amxtremity mea-
sure E. The extremity measure is used to modify the threshold to v@ficts compared when selecting

the mapping objective (as shown in Figure 3); Egis the local phase delta for an extremity node.
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Extremity Measure
We now describe a procedure to identify extremity nodes in a graph and compute the extremity mea-

sureE; for all such nodes.

Procedure: Compute Extremity _Measure

[nput: ts,ah Oi ON, a, B percentiles
Output: E, 0iON,-0.5<E;<05

S1. Compute the histograms of all the nodes with respect to their software executiotsjirmed ard-
ware areasa(y)
S2. Determinds(a) andah(p3) corresponding ta andf3 percentiles ofs andah histograms respectively
S3. Classify nodes into software and hardware extremityesg@tandEX;, respectively:
If (ts, 2 ts(a) andah, <ah(B) ),i DEX; (software extremity)

If (ah, zah(B) andts, <ts(a) ),i JEX, (hardware extremity)

S4. Determine the extremity valugefor nodei:
ts/ts ah/ah ..

h'/—rrlnax, elsex, =
ahi/ahmax

wherets 5= max{ts} and ah,,,= max{ah}
S5. Order the nodes EBX (EH;) by x. Denote the maximum and minimum extremity valuessggy
(XNmay andxsmin (Xhnin) respectively.
S6. Compute the extremity measidor nodei:

IfFIOEX, x = e T
sl tsi/tsmax

X. —XS_.

If iDEXg, E; = -0.5%x —————, 0.5<E;<0
XSmax™ XSmin
X. —thin
elseifi OEX,. ,E. = 0.5x — 0<E. <05
hi Xhmax_Xhmin !

In S1, we compute a distribution of the nodes with respect to their software executiotstanes
hardware areash. Parametersx anf  represent percentile cut-offs for these distributions. For
instance, in S3, a nodas classified as a software extremity node if it lies almove  percentile ta the
histogram (si >ts(a) ) and belod percentile in thie histogram (ahi <ah(B) ). Similarly, a node
is classified as a hardware extremity if it lies abfve percentile imhthestogram ahi >ah(p) )and
belowa percentile in thes histogram (si <ts(a) ). Figure 6 shows typical histograms and the identifi-
cation of extremities. For the examples that we have considered, valoes of 3 and in the range (0.5,

0.75) are used. A value outside this range tends to reduce the number of nodes that fit this behavior anc
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A
above O percentile
number of nodes P
per ts

s(a) ts

(hardware extremity) EXs (software extremity)

A

number of nodes
per ah )
ove 3 percentile

ah(B)  an
Figure 6. Hardware ( EX}) and software ( EX;) extremity sets

consequently the extremities do not play a significant role in biasing the local preferences of nodes. The
extremity value of a node is computed in S4. The extremity me&sfea nodd is computed in S6,
-0.5< Ei <0.5.

Threshold Modification using the Extremity Measure
Let GG, denote the value @&C at stegk when an extremity nodds to be mapped. E; is ignored,

the threshold assumes its set value of 0.5. SB(Ggeis averaged over all unmapped nodes, mapping of

nodei in this case is based just GC. This leads to:

1. Poor mapping: Suppose nodis a hardware extremity. 5C, 20.5 , Objl is selected in Figure 3
(minimize time), and could get mapped to hardware based on time-criticality. Howiegest, hard-
ware extremity and mapping it to hardware is an obviously poor choi€d.for

2. Infeasible mapping: Suppose nade a software extremity. l6C, <0.5 , Obj2 is selected in Figure

3 (minimize area) andcould get mapped to software. Nade a software extremity, however, and

mapping it to software could exceed the deadline.

To overcome these problems, the extremity meésSueseused to modify the default threshold in the
direction of the preferred mapping. The new threshold is (Bx &G is compared to this modified
threshold. For software extremitiesD.5<E, <0 , so tifat Thresholds 0.5 , and for hardware
extremities0< E; < 0.5 , so thal.5< Threshold 1 .

3.3.3 Local Phase 2 or Repeller Nodes
The use of repellers to effect on-line swaps and reduce the overall hardware area was discussed ir

Section 3.3.1. In this section, we quantify a repeller node with a repeller measure and describe its use in
GCLP.
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Several repeller properties can be identified for each node. Bit-level instruction mix and precision
level are examples of software repeller properties; while memory-intensive instruction mix and table-
lookup instruction mix are possible hardware repeller properties. Each property is quantified by a prop-
erty value. The cumulative effect of all the properties of a node is expressed by a repeller measure.

Let us consider thiit-level instruction mix, a software repeller property, in some detail. This prop-
erty is quantified through its property value caBddM. BLIM; is defined as the ratio of bit-level instruc-
tions to the total instructions in a nod¢0<BLIM; <1). For instance, consider the DAG shown in
Figure 7-a. Suppose that node 2 in the graph is an IIR filter and node 5 is a scrambler. Figure 7-b shows
the hypotheticaBLIM values plotted for all the nodes in the DAG in Figure 7-a. Node 5, the scrambler,
has a higlBLIM value. Node 2, the IIR filter, does not have any bit manipulations, and heBt#Nts
value is 0. The higher tH&LIM value, the worse is the suitability of a node to software mapping.

Consider two nodes \and N,, with software (hardware) areas; (ahy) andas, (ah,) respectively.
SupposeBLIM; > BLIM,. Now, if as; =as,, thenahy < ah, (because bit-level operations can be typi-
cally done in a smaller area in hardware). Thyss\a software repeller relative tg,Nbased on the bit-
level instruction mix property. Based on the discussion in Section 3.1, given the choice of mapping one
of N1 or N2 to hardware, N1 is preferred for hardware mapping on the basisBafllgroperty.

Other repeller properties mentioned earlier are similarly quantified through their property values.
The cumulative effect of all the repeller properties in a node is considered when mapping a node. The
repeller measure Rof a node captures this aggregate effect. It is expressed as a convex combination of
all the repeller property values of the node. The repeller measure is used to modify the threshold against
which GC is compared when selecting the mapping objective (as shown in Figure 8);isehe local
phase delta for repeller nodes.

Repeller Measure
The procedure outlined below describes the computation of the repeller mé&siamegach node

Let RH be the set of hardware repeller properties, RE88e the set of software repeller properties. Let

P = RHO RSbe the complete set of repeller properties.

CE%@ 0 e 1-BLIM scrambler
/ scrambler 0 T II.R T T
€Y (b) '

» nodes in graph
123 45

Figure 7. An example repeller property.
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Procedure: Compute Repeller_Measure

Input: Vj,p = value of repeller propertyfor nodei, i UN, pJ P
Output: Repeller measuR, i ON, -0.5s R <0.5

S1. Compute for each propeqy

o (Vi,p) = variance of/; , over alli

min(y ;) = minimum ofy; , over alli

max(yp) = maximum ofy; , over alli
LetRX=RHifpORH or RX=RSf p0ORS

oz(vi’ p)

a = —————— = weight of repeller property, ;R a, = 1,
p X

p gR GZ(VL p)
p X

S2. Compute the normalized property vaiug, for each propertp, of nodei

v; ID—min(vi ID) 0 .
. = 2 i < . <
nvl,p ma)<(vi ID)—min(vi p)’ - nvhp‘ '

S3. Compute the repeller measBydor each node

_ 1
R = QE( ;R a, [hv, | — gp a, [y, ), -0.5sR <05,
pURH pURS

The valuey, , of each repeller propertyfor nodei is obtained by analyzing the node. For instance,
consider the bit-level instruction mix property. The bit-level operations (such as OR, AND, EXOR) are
first identified in the node. TH&LIM value of a nodeis simply the ratio of the number of bit-level oper-
ations to the total number of operations in that node. Other repeller property values are similarly com-
puted.

In S1 of the above procedure, the variance, minimum, and maximum of each repeller property value
are computed. The property values are normalized in S2. In S3, the repeller measure for each node is
computed as a convex combination of the normalized repeller property values. Theayelghprop-
erty p is proportional to the variance of its value. This deemphasizes properties with small variances in
their values. When the repeller measure is used to swap repeller nodes with comparable property values
there is hardly any area reduction; they are not worth swapping. The variance weight ensures this.

Threshold Modification using the Repeller Measure
As described in Section 3.3.1, repellers constituteratine swapto reduce the overall hardware

area — a post-mapping swap is avoided. Recall that the repeller measure is a measure of the swappin
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gain of two similar local phase 2 nodes between hardware and software mappings. Given a choice of
mapping just one of two nodes to hardware, the node with a higher software repeller measure is chosen.
Given a phase 2 nodewith a sufficiently high software repeller measure, the algorithm tries to
achieve a relative shift efout of software. It modifies the threshold such that the objective selected will
favor the complementary mapping. This swap frees up the current resource for an as-yet unscheduled
node with a lower repeller property measure, thus reducing the overall allocated hardware area.
The repeller measur® is used to modify the threshold so that the new threshold is B;5Fer
software repellers;-0.5< Ri <0 , so thét< Thresholkk 0.5 , and for hardware repemasssi,?i <05
so that0.5< Threshold& 1.

3.3.4 Local Phase 3 or Normal Nodes
A node that is neither an extremity nor a repeller is defined tddmalbphase 3ode or anormal

node. The threshold is set to its default value (0.5) when a normal node is mapped. Thus the mapping
objective is governed bgC alone.

In summary, nodes are classified into three disjoint sets: extremity nodes, repeller nodes, and normal
nodes. The local preference of each node is quantified by its measure, represeiedllphase delta
(4). In particular,A = E; for extremity noded) = R, for repeller nodes, And 0 for normal

nodes. This local phase delta is used to compute the modified threbinedthold = 0.5 A

3.4  GCLP Algorithm

Algorithm:  GCLP

[nput: ah;, as, th, ts, E; (extremity measure), ari], (repeller measure)li N
Communication costsih.omm 8Somm aNdteomm and constraintsAH, AS andD.
Output: Mapping\; (M, O { hardware, softwaie), start timet;, 0i OO N

Initialize: Ny = {unmapped nodes} N, N, = {mapped nodes} ¢ .
Procedure: while {{i,| >0} {

S1. Comput&sC
S2. Determiné\g, the set ofeadynodes

S3. Compute the effective execution titgg.{i) for each node
It 1Ny texedi) = GC - thy + (1-GC) -t
else ifi Ny, toxedl) =ty - 1(M; == hw) +ts; - |(M; == swf

6. I(expn is an indicator function that evaluates to 1 whgpris true, O else.
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S4. Compute the longest patimgestPat(i), Ui [ N usingteyedi)

S5. Select node i U N, for mapping: maxéngestPatf(i))
S6. Determine mapping, fori:

S6.1.if E;#0) A = y[E; (local phase 1)
wherey is extremity measure weights y< 1
else ifR; #0) A = v[R, (local phase 2)
wherev is repeller measure weighsv<1
else A = 0 ; (local phase 3)
S6.2.Threshold= 0.5+ A ,0< Thresholck 1
S6.3. If (GC= Threshold m: minimize©bj1);
else m: minimize©Obj2);

S6.4.M; =m; Set¢); Ny =Ny\{i}; Ny, < {i},”
Updatelemaining AHremaining ASemaining’

The algorithm maps one node per step. In@&T,is computed using the procedure described in
Section 3.2. In S2, we determine the set of ready nodes, i.e., the set of unmapped nodes whose predece
sors have been mapped. One of these ready nodes is selected for mapping in S5. In particular, we selec
the node on the maximum longest path, the critical path of the graph. The critical path generally involves
unmapped nodes; computing it can present problems since the execution times of such nodes is not
known at the current step. To overcome this difficulty, we define the effective executiotyuxi¢)(of
an unmapped nodeas the mean execution time of the node, assuming it is mapped to hardware with
probability GC and to software with probability (&C). Here we use the notion GiC as a node-invari-
ant hardware mapping probability (see Section 3.2). In S6, the mapping and schedule are determined for
the selected node. If the node is an extremity (or a repeller) its extremity (or repeller) measure is used to
modify the threshold. The contribution of the extremity and repeller measures can be varied by weighting
factorsy andv . In Section 8.3, we discuss the tuning of these weights. The mapping objective is
selected in S6.3 by compari@C against the threshold. If time is critical, an objective that minimizes
the finish time is selected, otherwise one that minimizes resource consumption is selected. The objective
functions are:

Objl:  tg,(i, m), wherem U {software, hardware}

7. Using set-theoretic notatioNy, = Ny\{i} means elemeritis deleted from sét;, andN,, — {i} means elemenis added to seét;.
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thin(i,m) = maxmad;)(tin(P) + t(p.i), thas(m)) + t(i,m)

where

P(i) = set of predecessors of nade [ P (i)

tiin(p) = finish time of predecesspr

t(p,1) = communication time between predecegsand node

tfiasi(m) = finish time of the last node assigned to mapping
= 0 if m corresponds to hardware

t(i,m) = execution time of nodieon mappingn

Obj2: @5+ 8% omn ) O (m = sw + @+ aomn ) 0 (m = hw)

. AS . L AH emainin . .
Obj1 selects a mapping that minimizes the finish tinte of the node. A node can begin execution only

after all of its predecessors have finished execution and the data has been transferred to it from its prede
cessors. Also, a node cannot begin execution on the software resource until the last node mapped to soft
ware has finished execution.

Obj2 uses a “percentage resource consumption” measure. This measure is the fraction of the
resource area of a node (nodal area plus communication area) to the total resource areaalthgarea
O (as.omn®Y) takes into account the total cost of communication (glue logic in hardware and code in soft-
ware) between nodein hardware (software) and all its predecessors. For the hardware resource, the
resource area required by the node is divided by the available hardwarégggsifing- Obj2 thus
favors software allocation as the algorithm proceeds.

GCLP has a quadratic complexity in the number of nodes [1]. The performance of the algorithm is

analyzed in the next section.

4.0 Performance of the GCLP Algorithm
__________________________________________________________________________________________________________________________________|

We first describe the two classes of examples used to analyze the performance of the algorithm: prac-
tical examples, and random graphs. Next, we present two sets of experiments. The first experiment
(Section 4.1) is a comparison of the solution obtained with GCLP to the optimal solution generated by an
ILP formulation. The second experiment (Section 4.2) demonstrates the effectiveness of classifying
nodes into extremities and repellers. Section 4.3 discusses the algorithm behavior with the help of an

example trace.
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Practical Examples
We consider practical signal processing applications with periodic timing constraints. Two examples

are used: 32KHz 2-PSK modem, and 8 KHz bidirectional telephone channel simulator (TCS). These
applications are specified in Ptolemy [22]. Figure 8 shows the receiver section of the modem example. A
DAG is generated from the SDF graph representation. Nodes in the DAG are at a task level of granular-
ity. Typical nodes in the modem include carrier recovery, timing recovery, equalizer, descrambler, etc. in
the receiver section, and pulse shaper, scrambler etc. in the transmitter section. The nodes in the TCS
include linear distortion filter, Gaussian noise generator, harmonic generator, etc. In the modem and TCS
examples considered, the DAGs consist of 27 and 15 nodes respéctively

The area and time estimates (in hardware and software mappings) for each node in these DAGs are
obtained by using the Ptolemy and Hyper environments. We assume a target architecture consisting of:
(1) Motorola DSP 56000 for the software component, (2) standard-cell based custom hardware generated
by Hyper, and (3) self-timed memory-mapped I/O for hardware-software communication. The code gen-
eration feature of Ptolemy is used to synthesize 56000 assembly code and Silage code for each node i
the DAG. Estimates of the software area)(and software execution timés] for each node are
obtained by using simple scripts that analyze the generated DSP 56000 assembly code. The Silage cod

for each node is input to Hyper, which generates estimates of the hardware executiorihjrend

2-PSK Passband Receiver

sssssssss o
C

AGC  Phase Splitter Equalizer
/e ot |

Secondary
Demeodulation

SSI

Primary
Demeodulation

[
¢ Automatic Gain Control

ﬁ sssss
ntegrstor

Averaging Filter

Figure 8. Receiver section of a modem, described in Ptolemy. Hierarchical descriptions of
the AGC and timing recovery blocks are shown.

8. Much larger examples have been easily solved with the GCLP algorithm (as will be shown in Section 4.2), Here, whesasalar t
tively small examples that can be solved by ILP as well. The intent is to compare the GCLP solution to the optimal |ILbsolaticate
the quality of the heuristic.
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example | size|| algorithm total hardware area DSP utilization solution
(normalized with respect to hard; (1 - idle_timeD)*100 time
ware area required in ILP solution)

modem 27 ILP 1.0 93.8% 19190 5

GCLP 1.1935 84.89% 0.535 5
TCS 15 ILP 1.0 73.5% 6656 s

GCLP 1.0 73.5% 0.387 s

Table 1. Results from ILP and GCLP algorithm.

hardware areaa(y) for the node. The hardware execution time is computed as the best-case execution
time (corresponding to the critical path of the control-dataflow graph associated with tﬁ)a mbde
hardware area is computed by setting the sample period to the critical path.

Random Examples
A random graph generator is used to generate a graph with a random topology for a given number of

nodes (graph size). The hardware-software area and time estimates of the nodes in the random graph ar
generated by taking into account the trend observed in real examples. Details of the techniques used tc
generate the random graphs are given in [1, Appendix A7]. For each size, we generate 10 random graph:
differing in topology and area and time metrics. The heuristic is applied for each random graph and the

average value of the result is reported for that size.

4.1 Experiment 1: GCLP vs. ILP

The examples are first partitioned using the GCLP algorithm. The ILP formulation for these exam-
ples is then solved using the ILP solver CPLEX. Table 1 lists the GCLP and ILP solutions for the modem
and TCS examples. The total hardware area (normalized with respect to the optimal solution), DSP utili-
zation, and solution time for all the cases are compared. The solution time represents the CPU time
required to generate the solution on a SPARCstation 10. The total hardware area obtained with the GCLP
algorithm is quite close to the ILP solution. In the modem example, the GCLP mapping has all but one
node identical with the ILP mapping. The GCLP mapping for the TCS is identical to the ILP mapping.

Figure 9 compares the total hardware area obtained with the GCLP algorithm to the optimal solution
obtained with ILP formulation for a number of random examples. For all tested examples the generated

GCLP solution is withirB0% of the optimal solution. Examples larger than 20 nodes could not be solved

9. This control-dataflow graph is generated by Hyper during the hardware synthesis process.
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Figure 9. GCLP vs. ILP: Random examples
by ILP in reasonable tint® GCLP has been used to solve examples with up to 500 nodes with relative

ease.

4.2  Experiment 2: GCLP with and without local phase nodes

To examine the effect of local phase nodes on the GCLP performance, the GCLP algorithm is
applied under three cases:
Case 1. The local phase classification is not used — all nodes are normal nodeswth . The objec-

tive function is selected by compari@g with the default threshold = 0.5.
Case 2. Nodes are classified as either repelers R ) or normal dode$ ( ).

Case 3. Complete local phase classification, using extremities, repellers, and normal nodes. For extremity

nodesA = E, , for repeller nodeés = R, , and for normal nales 0

In the modem example, it was found that:

1. Repellers reduce the hardware area through on-line swaps (the solution obtained in case 2 is 13%
smaller than the solution obtained in case 1).

2. Extremities are seen to match their expected mappingPése Shapeg hardware extremity, is
mapped to softwar€arrier Recoverya software extremity, is mapped to hardware).

3. Repeller nodes are also mapped to their intuitively expected mappingsi@xblera highBLIM
software repeller, is mapped to hardware).
Figure 10 plots the results of these three cases when applied to random examples. The total hardware

areas are normalized with respect to the total hardware area obtained in case 1. It is seen that the use ¢

10. Some fine-tuning of the ILP formulation could improve the ILP solution time slightly.

The Extended Partitioning Problem 24 of 40



Performance of the GCLP Algorithm
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Figure 10. Effect of local phase classification on GCLP performance: case 1: mapping based
on GC only, case 2: threshold modified for repellers, case 3: complete local phase classification.

repellers (case 2) significantly reduces the hardware area as compared to &@taded selection in
case 1. This verifies our premise that repellers effect on-line swaps to reduce the total hardware area.
Using both extremity and repeller nodes further improves the quality of the solution. On an average, the

complete classification of local phase nodes reduces the total hardware 26e828% when compared
with case 1.

4.3  Algorithm Trace

The behavior of GCLP with complete local phase classification of nodes is quite complex. To under-
stand the relation between node classification, thresG@dand the actual mapping at each step of the
algorithm, we illustrate these key parameters in algorithm traces for specific examples.

Figure 11 illustrates th&C variation and the mapping at each step, ignoring the local phase classifi-
cation. WherGC > 0.5, time is critical. Almost always, nodes get mapped to hardware. Eventually, this
reduces the time criticality art6iC reduces. When it drops below 0.5, area minimization is selected as the
objective. In most cases, this objective selects software mapping. Subsequently, time becomes critical,
GCincreases, and further nodes get mapped to hardwareGTh{asd the mapping) adapts continually.

Figure 12 illustrates the effect of adding extremity nodes to the above example. Nodes mapped in
steps 8 and 10 are software extremities. In Figure 12-a, the extremity measure is not considered, in Figure

12-b, it is. We assume that nodes are mapped in the same order in both these cases. Mapping marked by
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Figure 11. Algorithm trace: ~ GC and the Mapping. All normal nodes, threshold = 0.5.
cross means software mapping and by a square means hardware mapping. In Figure 12-a, the threshol

0

assumes its default value (0.5). The software extremity node mapped in step 8 @glagets mapped

to software, hence, time criticality increases. When compared to the corresponding mapping in Figure
12-b, nodes mapped subsequently in steps 15 and 16 (ntebkgdt mapped to hardware. A similar

effect is observed while mapping nodes in steps 22, 23, and 24 (rharkelligure 12-a). The generated
solution has a total hardware area of 1253, and 14 nodes are mapped to hardware. Also, the sample mea
of the GC over all steps is 0.50448. In Figure 12-b, extremity measures are used to change the default
threshold. The extremity measure for nodes mapped in steps 8 and 10 lowers the threshold at the points
markedelande2in Figure 12-b. This induces a hardware mapping. Mapping these software extremities
to hardware reduces time criticality. Subsequently, nodes mapped in steps 15 and 16 gfhag&ed

mapped to software. The total hardware area is 756, and 10 nodes are mapped to hardware. Thus by tak

16
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Figure 12. GC and mapping: (a) without extremity measures (b) with extremity measures.
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Figure 13. GC and mapping: (a) without repeller measures (b) with repeller measures

ing into account the local preference of nodes 8 and 10, the quality of the solution is improved by 40%.
Also, the sample mean of ti&C over all the steps is 0.4288.

Figure 13 illustrates the effect of repellers@®@ and mapping at each step of the algorithm applied
to a particular example. In this example, nodes mapped in steps 6 and 10 are software repellers; the nod
mapped in step 6 has a larger repeller measure than the node mapped in step 10. In Figure 13-a repellel
are not considered, in Figure 13-b, they are. We assume that nodes are mapped in the same order in bot
the cases. In Figure 13-a, the repeller measures are not considered when mapping — the thresholc
assumes its default value of 0.5. In this case, node mapped in step 6 is mapped to software and the nod
mapped in step 10 is mapped to hardware. Clearly, this mapping can be improved. In Figure 13-b, repel-
ler measures are taken into consideration; they modify the default threshold and hence the mapping. The
repeller measure for the node mapped in step 6 lowers the threshold at the pointrinarkegure 13-
b. This forces the node to get mapped to hardware. The threshold for the node in step 10 is not lowered a:
much and it gets mapped to software. The mapping of nodes in steps 6 and 10 is thus exactly opposite tc
that in Figure 13-a. Thus nodes in steps 6 and 10 were in sffapped on-linen Figure 13-b — the
node with a larger repeller measure displaced the one with a smaller measure and this reduced the overal

area (1803 in Figure 13-a vs. 1677 in Figure 13-b, 17 nodes are mapped to hardware in both cases).

5.0  Algorithm for Extended Partitioning: Design Objectives
__________________________________________________________________________________________________________________________________|

The GCLP algorithm described so far solves the binary partitioning prdtleirhe extended parti-

tioning problemP2 is to jointly optimize the mapping as well as implementation bin for each node. Con-
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sider the implementation-bin curve of a node as shown in Figure 2. Detwtee the fastest (left-most)
implementation bin, anH to be the slowest (right-most) implementation bin. As the implementation-bin
curve is traversed from birksto H, the hardware area required to implement the node decreases. From
the viewpoint of minimizing hardware area, each node mapped to hardware can be Kdtiat(itsvest

area). This might, however, be infeasible sinceHhains correspond to the slowest implementations.

The extended partitioning problem is to select an “appropriate” implementation bin and mapping for
each node such that the total hardware is minimized, subject to deadline and resource constraints. This
problem is obviously far more complex than the binary partitioning problem. Our goal is to design an
efficient algorithm to solve the extended partitioning problem. There are two guiding objectives used in
the design of this algorithm.

1. Design Objective 1: Complexity that scales reasonably: The binary partitioning problef'has 2

mapping possibilities foN| nodes in the graph. Giv&implementation bins within a mapping, the
extended partitioning problem hasBj possibilities in the worst-case. The algorithm complexity
should not scale with the dimensionality (number of design alternatives per node) of the partitioning
process, i.e., if a binary partitioning algorithm has complexitiNg)(|the extended partitioning
algorithm should not have complexity NﬂB), sinceB is typically in the range 5 to 10. Obviously

the binary partitioning algorithm cannot be extended directly to solve the extended partitioning prob-

lem, since the implementation possibilities explode.

2. Design Objective 2: Reuse of GCLP: Since we already have an efficient algorithm for binary parti-
tioning, the algorithm for extended partitioning should reuse it. This suggests that extended parti-
tioning can be decomposed into two blocks: mapping and implementation-bin selection. GCLP can
be used for mapping.

It is not enough, however, to decompose the extended partitioning problem into two isolated steps,
namely that of mapping followed by implementation-bin selection. The serial traversal of nodes in a
graph means that the implementation bin of a particular node affects the mapping of as-yet unmapped
nodes. Since there is a correlation between mapping and implementation-bin selection, they cannot be
optimized in isolation. This dependence has to be captured in the algorithm.

Our approach to solving the extended partitioning problem is summarized in Figure 14. The heuris-
tic is called MIBS. In the final solution, each node in the graph is characterized by three attributes: map-
ping, implementation bin, and schedule. As the algorithm progresses, depending on the extent of

information that has been generated, each node in the DAG passes through a sequence of three states: (
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¢ ; free nodes = N

Compute mapping and schedule for free nodes
— Set median area-time values

— Apply GCLP

mapping for all free nodes

Select tagged node T with mapping M+

Y

Find Implementation bin for T within mapping M+ I

v

free = free\T
fixed « T
update(schedule)

[N times
free = empty2
y apping, schedule, and implementation
bin for all nodes
Figure 14. MIBS approach to solving extended partitioning

free, (2) tagged, and (3) fixed. Before the algorithm begins, all three attributes are unknown. Such nodes
are calledreenodes. Assuming median area and time values, GCLP is first applied to get a mapping and
schedule for all the free nodes in the graph. A particular free node (ctdiggesinode) is then selected.
Assuming its mapping to be that determined by GCLP, an appropriate implementation bin is then chosen
for the tagged node. In the following section, we describe a bin selection procedure that determines the
implementation bin for the tagged node. Once the mapping and implementation bin are known, the
tagged node becomesfiged node. GCLP is the applied on the remaining nodes and this process is
repeated until all nodes in the DAG become fixed; the MIBS algorithniNhateps® for |N| nodes in the

DAG.

The MIBS approach subscribes closely to the design objectives outlined. GCLP is used for mapping
(according to Design Obijective 2). Since GCLP and bin selection are applied alternately within each step
of the MIBS algorithm, there is continuous feedback between the mapping and implementation-bin selec-
tion stages. The MIBS algorithm will be shown to be reasonably efficieN{@®-N|%), whereB is the

number of implementation bins per mapping. Thus it scales polynomially with the dimensionality of the

11. Eaclstepof the MIBS algorithm constitutes the determination of the mapping, implementation bin, and schedule of a node.
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problem (Design Objective 1). In the next section, we describe the bin selection procedure to solve the

implementation-bin selection problem.

6.0 Implementation-bin Selection

|

6.1 Overview

In the following, we restrict ourselves to the problem of selecting the implementation bin for hard-
ware-mapped nodes only. The concepts introduced here can be extended to software implementation-bir
selection as well.

Recall from Figure 14 that, in each step of the MIBS algorithm, GCLP is first applied to determine
the revised mapping of free nodes. Let the free nodes mapped to hardware at the current step be callet
fred" nodes. A tagged node is selected from the set of free nodes. Assuming its mapping to be that deter-
mined by GCLP, the bin selection procedure is applied to select an implementation bin for the tagged
node.

Figure 15 shows the flow of the bin selection procedure. The key idea is to use a look-ahead measure
to correlate the implementation bin of the tagged node with the hardware area requiredfr&ﬂh the
nodes. It selects the massponsivebin in this respect as the implementation bin for the tagged node.

Computing the lookahead measure can be very complex since the final implementation bins of the
free" nodes are not known at this step. To simplify matters, we assunietiatodes can be in either
or H bins'2. All fred" nodes are assumed to be in tiébins initially. The lookahead measure (calieal

fraction BF,J) computes, for each bjnof the tagged nod€ the fraction ofred” nodes that need to be

tagged node 7 fixed nodes  free nodes

\ l / BFCTO; £

Compute Bin Fraction (BFCy) I Ly k1 k Hr
v BS
Compute Bin Sensitivity
) LT HT
Select Bin (B7¥) area B
7 S
B time
Figure 15. The bin selection procedure

12. Afred" node loses this restriction when it becomes tagged later on.
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moved fromH bins toL bins in order to meet timing constraints. A high vaIuBléfj indicates that if the
tagged nodd& were to be implemented in bjina large fraction ofred’ nodes would likely get mapped to
their fast implementationd. (bins), hence increasing the overall area. Bimefraction curve(BFCy) is
the collection of the all bin fraction values of the tagged flode

Bin sensitivityis the gradient oBFC;. It reflects the responsiveness of the bin fraction to the bin
motion of nodel. Suppose that the maximum slope of the bin fraction curve is betweek: biaisdk
(Figure 15). Moving the tagged node from kifi tok shifts the largest fraction éfee’ nodes to theik
bins. Equivalently, thé& to k-1 motion for the tagged node results in the largest reduction of the area of
fred" nodes. Hence thd-(L)th bin is selected as the implementation bin for the tagged Bgt)e The

computation of th&FC and bin sensitivity is described next.

6.2 Bin Fraction Curve (BFC)

Assuming nodd is implemented in bin BF1J is computed as the fraction foée” nodes that have
to be moved from theid bins to theirl bins in order to meet feasibility. The bin fraction cuBFECy is
the plot of the bin fractioBFﬂ for each binj of the tagged nod& The procedure to compute tBEC is
described next. The underlying concept is similar to that us€Cinalculation (Section 3.2). For sim-
plicity, we apply the bin selection procedure only for a tagged node mapped to hardware by GCLP. A sin-

gle implementation bin is assumed when the tagged node is mapped to software.

Procedure: =~ Gmpute_BFC

[nput: Nsixeq = {fixed nodes},Nfreeh = {fred" nodes},

T = tagged node, mappimd (assumed hardware), hardware implementation cdOke
Output: BFCr = {(BF{, ), 0j O NH;}
Initialize: Ny | = @, texedP) known for all fixed nodep, p O N, o 4-

for = 1;] <|NHy[,j++){
S1. Setg,o{T) = th{

S2. Forallk O N n , Seloyec(K) = tth (all fred' nodes aH bins)

free
S3. Computfiisisy given the mapping ang,t.for all nodes

S4. Find the set,| of fred’ nodes that need to be moved to theiins in order to meet deadline

S4.1.N, | < nex{(N

free )
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S4.2.teyedl) =th, OFON, | (set toL bins)

S4.3. Update'l(ﬁnish)
S4.4. If Thnish>D go to S4.1

Dg size

j_ TONG j
S5.BF; = —H=L _ 0<BF /<1.
z size

. h
I|:JNfree
}

The sequence S1 to S5 outlines the procedure used to compute the bin Bﬁétfona particular
bin j. Nsixeqlis the set of fixed nodes ahql{eeh is the set of free nodes that has been mapped to hardware
by GCLP at the current step of the MIBS algorithm. In S1, the execution time of the tagged node is set to
the execution time for thigh bin. In S2, the execution times for all fne’ nodes are set corresponding
to their respectivéd bins. The finish time for the DAGTisp) IS computed in S3. In S4, we compute
Ny, the set ofre€” nodes that need to be moved to thefiins in order to meet the timing constraints.
Various ranking functions can be used to ordefrée® nodes. One obvious choice is to rank the nodes in
the order of decreasirtd bin execution timesshiH. A second possibility is to usm(H/thi'-) as the func-
tion to rank the nodes. This has the effect of moving nodes with the greatest relative gain in time when
moved fromH to L bin. BFH is computed in S5 as a ratio of the sum of the sizes of the nobNgs ito
the sum of the sizes of the nodesi\l,;beh. Recall that thesize of a node is the number of elementary
operations (add, multiply, etc.) in the node.

In summary, a high value d:‘ﬁI’F1J the bin fraction for nod& in implementation bi, indicates that
selecting thgth implementation bin is likely to result in a large fractionfree nodes being subse-

guently assigned to theirbins.

6.3 Implementation-bin Selection

Figure 16-a plots a typical bin fraction curve for a tagged fiotlet Lt(H+) denote thé.(H) bin for
nodeT. How is the desired biB* to be selected for this node? An intuitive choice is toBs&t= Hr,
since this corresponds to the smallest hardware area forTh@ddeHr, howeverBF{ is high, i.e., a
large fraction of théred" nodes are ii. bins so that the total hardware area might be unnecessarily large.
As the tagged node shifts from by downwards, the resulting decreas@&mimplies that the fraction

of fred’ nodes at theit. bin decreases, and consequently the allocated hardware dred"afodes

The Extended Partitioning Problem 32 of 40



Implementation-bin Selection

A

b
BFC; @ BF TH Bin Sensitivity (b)
BSmax 41‘
BF:
T x | ¥

i f f L }_ 1 w‘ﬁ—VH
LT HT T BT*T T
selected bin

Figure 16. Bin fraction and bin sensitivity for implementation-bin selection

reduces. The slope &FC; represents how fast teed" node area reduces with the (leftward) bin
motion of nodeT. This slope is called bin sensitiviBS it reflects the correlation between bin motion of
the tagged node and the overall area reduction ofré® nodes. That isBS = BFU*D) - BF{,
L<j<H-1,whereBSH = 0.

Let the maximum bin sensitivity bBS,,5x (Figure 16-b). The implementation biB¢) for the
tagged nodd is selected to be the bin with bin sensitivity equa®,,,, if BS,ax> 0. If BFCris con-
stant, theBS;,5x= 0, and the tagged node is mapped tbl iksn, since moving it from its slowest to fast-
est implementations does not affect tiee nodes.

Consider the plot of bin sensitivity in Figure 17-a, where the regions marked S1 and S2 have identi-
cal slopes, i.e., same bin sensitivity. In this case, bin B1 which is closerHg be is preferred over bin
B2 since it corresponds to a smaller area of fod® incorporate this effect in general, the bin sensitiv-
ity values are weighted by the area of nddim particular, the weighted bin sensitivity is plotted by mul-
tiplying the bin sensitivity at each bjroy ahTH/ahH (Figure 17-c)B+* is then selected to be the bin with
the maximum weighted bin sensitivity. In case of a tie for the maximum weighted bin sensitivity, the bin
closer toHt bin is selected.

In summary, the strategy for implementation-bin selection is to plot the weighted bin sensitivity and
setBt* to be the bin with the maximum bin sensitivity that is closest tédthiein. The bin selection pro-

cedure has complexity &( (N| + JA])), as shown in [1]. The procedure is outlined below:

Procedure bin_selection

BFC sS1 Bin v.ve|ghte.d. .
sensitivity bin sensitivity
S2 T T
> b % IT’I‘_’ 5 K T*_'
Ly Hy Ly B2 Bl Hy Ly By Ht
() (b) (©)  selected bin
Figure 17. Weighted Bin Sensitivity.

The Extended Partitioning Problem 33 of 40



The Extended Partitioning Problem: MIBS Algorithm

Input Nsixeq = {fixed nodes},Nfreeh = {fred" nodes}
T = tagged node, with mappifdr (assumed hardware),
hardware implementation cur@Hy

Output Br*
S1. Computd8FC; (Section 6.2)

S2. Compute bin sensitivity
S3. Compute weighted bin sensitivity
S4. Determine biB* corresponding to the bin with the maximum weighted bin sensitivity

In the next section, we present the MIBS algorithm to solve the extended partitioning pP@lem

7.0 The Extended Partitioning Problem: MIBS Algorithm

Algorithm:  MIBS

Input: Ui ON :CH;, CS, E; (extremity measure), arig} (repeller measure).
Software-hardware interface communication ca®ts,mm a8Somm andtcomm Con-
straints AH, AS andD.

Output Oi ON : mappingV; (Mi O { hardware, softwafe), implementation bifg;*, and start

timet;.
Initialization Ny, .4 = {fixed nodes} = @, Ny = {free nodes} = {}.

Compute median area and time values for all nodes in software and hardware.
Procedure
while {|Nired > 0} {

S1. Determiné/; andt; for all i ON

free

S1.1. Forali ON set area and time values to their median values

free

S1.2. Use GCLP to compultg andt; for i N (Section 3.0)

free"

S2. Determine the set of ready nobtis
S3. Select tagged nodg T Ul N ) using urgency measures

S4. Determine the implementation tﬁim* for nodeT assuming mappiniglt
S4.1. Use the bin selection procedure to determinB—SilQSection 6.0)

S5.Niree = Niree T} Niiyog < { T}, Updatety based on the selected implementationByin
}
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N represents the set of nodes in the grafghe is the set of free nodes; it is initializedNONsjyeqiS
the set of fixed nodes and is empty at start. The median values of the area and time on hardware and soft
ware mappings are computed in the initialization phase. For each step, the MIBS algorithm computes the
mapping, the implementation bin, and the schedule of one node. In S1 of each step, the mapping and
schedule for all the free nodes is first computed. This is done by applying GCLP over the set of free nodes
assuming median area and time values. The set of ready nodes is determined in S2. This represents the s
of nodes whose predecessors are fixed nodes. One of these ready nodes is selected as a tagged node in
In particular, we select a ready node on the critical path. In S4, the bin selection procedure is applied to
determine the implementation bin for this tagged node. Finally, in S5, the schedule of the tagged node is
updated depending on the implementation bin selected. The tagged node then becomes fixed. The
sequence S1-S5 is repeatdftimes until all the nodes in the graph become fixed.

Note that the mapping of all the nodes is not finalized at one shot in MIBS; future mappings of the
remaining free nodes are allowed to change depending on the implementation bin selected for a tagged
node. At any step, the known mappings and implementation bins of the fixed nodes affect the mappings
of the free nodes. The complexity of the MIBS algorithm isN®¢ B- [N|?), whereB is the number of
implementation bins per mapping ([1, Appendix A6]).

8.0 Performance of the MIBS Algorithm

The performance of the MIBS algorithm is examined in this section. As in Section 4.0, we will use
both practical examples (the modem and TCS) as well as random graphs to evaluate the performance.

The procedure used to generate the hardware implementation curve for each node in the DAG is sim-
ilar to that described in Section 1.0. In Section 8.1, the solutions obtained with the MIBS algorithm are
compared to the optimal solutions obtained with the ILP formulation. In Section 8.2, we demonstrate the

effectiveness of the MIBS algorithm in reducing the hardware area relative to the GCLP algorithm.

8.1 Experiment 1: MIBS vs. ILP

ILP formulations of the modem and TCS examples become impossible to solve in a reasonable time.
A simplified version of the modem example with 15 nodes and 5 hardware implementation bins per node
is considered here. The ILP formulation for this example requires 718 constraints and 396 variables.
Table 2 summarizes the solutions obtained with ILP and with MIBS algorithm. The closeness of the solu-

tions is encouraging, especially since ILP becomes formidable for even slightly larger problems.
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Scenario hardware area solution time

ILP 158 3.5 hours

MIBS 181 3 minutes

Comparison 1.1456 times bigger 70 times faster
Table 2. Comparison of ILP and MIBS solutions.

Figure 18 plots the MIBS and ILP hardware areas for a number of random examples. For the exam-
ples tested, the MIBS solution is withli8% of the optimal solution obtained by ILP. Larger examples
could not be solved by ILP in reasonable time. In these examples, ILP failed to give even a single feasi-

ble integer solution.

8.2 Experiment 2: Binary Partitioning vs. Extended Partitioning

Our next objective is to evaluate the effectiveness of the extended partitioning approach in reducing
the total hardware area compared with binary partitioning. Three cases are considered. In the first case.
mapping is done based on GCLP, assuming that the execution times and areas for the nodes mapped t
hardware are set to the values corresponding toltHairs. In the second case, this mapping is recom-
puted, now with the area and execution time values corresponding to the median implementation bins. In
the third case, extended partitioning is done based on the MIBS algorithm. Table 3 shows the results for
the three cases applied to the modem example. The MIBS solution is observed to be much superior to
both the GCLP solutions (50% less hardware compared to case 1, and 32% less than case 2). This
strengthens our premise that implementation flexibility can be used at the partitioning level to reduce the

overall hardware area.

13
| | | | | |

195 |- mibs-areailp-area i |
' MIBS hardware area llp area
121~ (normalized w.r.t. ILP) .

1.15 = -1
11 = -1

1.05 = -1

mibs-area/ilp-area

i +++-+—++++—+—+-+
ILP hardware area
0.95 p— —

0o L1 | | | | |

4 6 8 10 12 14 16
graph size [N|

Figure 18. Comparison of MIBS and ILP solutions.
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case Scenario hardware| area reduction solution
area normalized with .
time
respect to case 1
1 GCLP,L implementation bin 736 1.0 0.0525%
2 GCLP, median implementation bin 530 0.7201 0.0525s
3 MIBS 362 0.4918 0.7974s
Table 3. Area improvement using MIBS vs. GCLP

In Figure 19-a, we compare, for random graphs, the hardware area obtained with MIBS to that
obtained with GCLP (median area and time values). On an average, the area generated by MIBS is
26.4% smaller than that generated by GCLP.

Figure 19-b shows the distribution of the nodes among the implementation bins selected by the
MIBS algorithm. This distribution is averaged over a number of random examples for a fixed graph size
of 25 nodes. The bins are classified into 5 categdriés, L to median bin, median bin, medianHo
bin, and theH bin. It is seen that the nodes in hardware are distributed among all the implementation bins.
This flexibility reduces time criticality at every mapping decision and improves DSP utilization, i.e., the
number of nodes mapped to software increases. This combined effect (reduced number of hardware

nodes and their distribution over several bins) reduces the total hardware area.

8.3 Parameter Tuning

Several user-settable parameters come into play in the MIBS algorithm. These include: (1) the cut-
off percentiles @ [3 ) used for classifying extremities in GCLP, (2) the extremity measure weight ( )
and the repeller measure weight ( ) in GCLP, (3) the ranking functio@@otalculation {s, ts/th, or
ah), and (4) the ranking function f&F calculation th, th™/tht, orahb).

% 11 T T T T 8 T T T T T
é GCLP with median ‘,\’,f}'é‘g i 70 = distribution of nodes among bins — _
Y -
£ GCLP (median bins) hardware area o= 7
% 50 [— —
d 09 -
6 oy A

€) 8 +, ¥ \\\ + (b) 4w} —
2 08 = + \\ + 7k\ _/k 7]
o ; + 30 |- —
2 PO Y
§ o7~  MIBS hardware area ¥ . o 7
?3 (normalized w.r.t. GCLP median) 10 = —
£ os L L ' ' . ! I ! | !
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graph size |N| L L-M M M-H H
Figure 19. (@) MIBS vs. GCLP (Extended Partitioning vs. Binary Partitioning) (b) Node

distribution among implementation bins.
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Parameterst  y ,and are tuned by a simple binary search between 0 and 1. We have incorpo-
rated this automated search mechanism in our algorithm implementation. Since the MIBS algorithm is
extremely fast, such an exploration is computationally viable.tFtreandtht/tht ranking functions

have been found to perform best € andBF calculations respectively.

9.0 Summary
__________________________________________________________________________________________________________________________________|

At the system-level, designs are typically represented modularly, with moderate to large granularity.
Each node can be implemented using a variety of algorithms and/or synthesis mechanisms in hardware ol
software. These implementations typically differ in area and execution time. We eldBneed parti-
tioning as the joint problem of mapping nodes in a precedence graph to hardware or software, schedul-
ing, and selecting a particular implementation (called implementation bin) for each node. The end-
objective is to minimize the total hardware area subject to throughput and resource constraints.

In this paper, we first presented the GCLP algorithm to solvbitiaey partitioning(mapping and
scheduling) problem. It uses a global time criticality measure to adaptively select a mapping objective at
each step — if time is critical, it selects a mapping that minimizes the finish time of the node, otherwise it
minimizes the resource consumption. This time criticality measure overcomes the inherent drawback
with list scheduling. In addition to global consideration, local optimality is sought by taking into account
the preferences of nodes that consume disproportionate amounts of resources in hardware and softwar:
mappings. This effect is quantified by classifying nodes as extremities. The hardware area is further
reduced by using a concept of repellers to effect on-line swaps between nodes. Repellers take into
account the relative preferences of nodes, based on intrinsic algorithmic properties that dictate a pre-
ferred hardware or software mapping. The GCLP algorithm is computationally efficieiffOfor the
examples tested, the GCLP solution was found to be no more than 30% larger than the optimal solution.
The effectiveness of local phase nodes (extremities and repellers) in reducing the overall hardware area
was experimentally verified. On an average, the use of local phase nodes reduces the hardware area b
17%, relative to solutions obtained without using local phase classification of nodes.

The MIBS algorithm uses the GCLP heuristic to solve the extended partitioning problem. The strat-
egy is to classify nodes in the graph as free, tagged, and fixed. Initially all nodes in the graph are free —
their mappings and implementation bins are unknown. GCLP is applied over the set of free nodes. A

tagged node is then selected from this set; its mapping is assumed to be that determined by GCLP. A bin
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selection procedure is used to compute an appropriate implementation bin for the tagged node. The pro-
cedure uses a look-ahead measure, called bin fraction, which estimates for each bin of the node, the frac
tion of unmapped nodes that need to move to their fastest implementations so that timing constraints are
met. The bin fraction is used to compute a bin sensitivity measure that correlates the implementation bin
with the overall hardware area reduction. The procedure selects the bin with maximum bin sensitivity.

The procedure simplifies this computation by assuming that the remaining free nodes are either in their
slowest or fastest implementations. The tagged node becomes a fixed node once its implementation bin is
determined. GCLP is then applied over the remaining free nodes and the sequence is repeated until all
nodes in the graph become fixed. In the examples tested, the MIBS solution is found to be within 18% of

the optimal solution. Experimental results also indicate that implementation bins can be used effectively

to reduce the overall area by as much as 27% over solutions generated using binary partitioning. The

complexity of the MIBS algorithm is G>(1|3 +B- |N|2), whereB is the number of implementation bins per

mapping
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