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ABSTRACT

Computer aided hardware/software partitioning is one of the key
challenges in hardware/software co-design. While previous ap-
proaches have used a fixed granularity, i.e. the size of the parti-
tioning objects was fixed, we present a partitioning approach that
dynamically determines the partitioning granularity to adapt opti-
mization steps to application properties and to intermediate opti-
mization results. Experimentswith simulated annealing optimiza-
tion show a faster convergence and far better adaptability to cost
function variations than in previous experiments with fixed granu-
larity.

1 Introduction

Computer aided hardware/software partitioning is one of the most
challengingtasksin co-design. With 100 million transistor systems-
on-a-chip [1], it will become a key factor for design space explo-
ration and, eventually, be used in automated co-synthesis flow to
speed up the design process.

Even today, interactive co-synthesis has successfully been used
in first industrial projects, where 50% saving (including develop-
ment and product cost) could be reported [2].

However, computer aided partitioning must alwaysbe compared
to manual design decisions. While many partitioning approaches
just consider partitioning and allocation at the level of complete
functions or even processes, at least data dominated applications
such as high speed signal processing need a finer granularity, e.g.,
to make use of loop parallelization and pipelining as the designer
would do. Manual rewriting of functionsto get smaller functions
just for the purpose of partitioning is a tedious and error—prone
task. Partitioning with a finer granularity, however, suffers from a
huge design space which might not be necessary for many system
functionsandistherefore bound to make optimization less efficient.

In amanual designthe designer typically adaptshis or her focus
to the critical parts of a system. Applied to computer aided parti-
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tioning, this means to depart from the fixed granularity of current
approachesand introduce a dynamically adapted granularity.

In this paper we present a new method for automated hard-
ware/software partitioning since the granularity — i.e. the size of
system parts that can either be implemented as hardware or as
software — is determined during the partitioning processi.e. it is
dynamically determined. This offers the opportunity to obtain a
better adaptation of the partitioning process and a specific appli-
cation and hence to obtain better partitioning results in terms of
implementation cost and computation times used for partitioning.

The outline of this paper is asfollows: In section 2 an overview
of approachesto hardware/software co—synthesis and especially to
hardware/software partitioning is given. Then section 3 gives an
overview of our approachwhereas section 4 describesthe according
algorithmsin detail. Section 5 describestheresults that confirm the
usefulness of the approach. Finally a conclusionis given.

2 Redated work

The first approaches to automated hardware/software partitioning
have been presentedinthe VULCAN Il system[3] andin COSY MA
[4]. Both approaches use a fine—grain partitioning(basic block).
Coar se—grainpartitioning on the other side meansthat wholefunc-
tions or processes are moved from software to hardware or vice
versain order to find the best hardware/software tradeoff.

The approaches described in [5, 6, 7, 8, 10, 11, 12] use aso fine—
grain partitioning whereas [13, 14, 16, 17, 18] use coarse—grain
partitioning. Some other approaches do not perform automatic
partitioning but concentrate on interface synthesis [19, 20] or on
co-simulation [21].

All these approacheshavein common that their granularity isfixed.
Our approach has previously aso been limited to relatively fine
grain. (basic block). The new partitioning approach is not any
longer limited in this way since it determines the granularity dur-
ing the partitioning process(i.e. dynamically) through moving very
small and very large system parts — according to the peculiarities
of aspecific application and the given constraints.

3 Problem definition and fundamental approach

Since different applications have different peculiarities like
e programming style,
e size(lines of code) and
¢ type of application (control or data—dominated etc.)



afixed granularity during partitioning can cause an expensive hard-
ware/software system (production and development cost).
Example 1:

Given the specification of areal—time system consisting of the two
tasks T1 and T2. Furthermore, assume that the target architecture
consists of one standard processor core (SW) and an application
specific hardware (HW). There are only four possibilities for parti-
tioning (the arrow "—" has the meaning "is implemented on"):

1)T1, T2— SW
2) T1— SW; T2 — HW
3) T1 — HW:T2 — SW
4)T1, T2 — HW

Casel) and4) arethetrivial cases. Hardware/software systemsusu-
ally are represented by cases?2) and 3). Maybe, the given real-time
constraints could be met by only implementing one computationin-
tensiveloop — hiddenin 7'1 or T2 — as hardware. Nervertheless,
awholetask hasto beimplemented in hardware. Thiscanleadto a
hardware/software system that is many times more expensive than
necessary.

Example 2:

The target architecture assumed in this case is the same asin ex-
ample 1. But now the granularity is fine—grain (e.g. basic block)
and the specification of the hardware/software systemis quite large
(e.g. > 1000 basic blocks). For the case that each basic block can
possibly beimplemented as hardware or as software there are 21°©
different implementations. |ndependent from the chosen optimiza-
tion algorithmiit is hard to find the global optimum i.e. the cheapest
implementation that meets al given constraints.

Thefirst examplegives a characteristic disadvantageof coarse—
grain partitioning whereas the second oneis disadvantageouswhen
using fine—grain partitioning.

The main idea of our approach is to combine the advantages
of fine—grain and coarse—grain partitioning using a dynamically
determined granularity since that:

a) permits the implementation of very small as well as very
large system parts to be implemented as sw or as hw.
b) avoidslarge computation times.

Our approach consists of three following principal steps:

Step 1:
The high-level behavioural description (a superset of ANSI C) of
the real—time application is transformed into a control flow graph
(cfg) where each node represents a basic block or a single instruc-
tion. We call this our base granularity.

Step 2:
The smallest possible parts are integrated into partitioning objects.
Thereby, the smallest partitioning object can consist of only one
basic block or instruction whereas the largest one contains the
whole real-time application. Partitioning objects can share same
parts of the application i.e. they are not mutual exclusive.

e Small system parts as well as large system parts can be imple-
mented ashw or as sw without distinctly increasing computation
time.

e Constraints of different criticalness can easily be found due to
more possibilities.

¢ Thecomputationtimeto generatethe partitioning objectsisvery
small sincethis step needs no behavioural information.

Note that this step is performed by using structural information of
the applicationonly. Neverthelessthe algorithm (detailed described
in section 4.2) creates the objects in such a way that they may be
promising candidatesto beimplemented ashardwareor assoftware.
Step 3:
In contradiction to the last step this step uses behavioural informa-
tion in order generate the so—called macro instruction. A macro
instruction is composed of at least one partitioning object. It is
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Figure 1: Example of agraph G with corresponding source code

generated an optimization algorithm that integrates partitioning ob-
jects into macro instructions controlled by an objective function.
According to the hardness of the (time) constraints the algorithm
therfore automatically picks up small or large partitioning objects.

The next section describes in detail each of the above steps.
Thereby subsection 4.1 describes step 1, subsection 4.2 refers to
step 2 and subsections4.3, 4.4 and 4.5 belong to step 3.

4 Partitioning method

4.1 Defining abase granularity

First the behavioural description givenin ahigh-level language
is transformed into acfg G = {V, F}. Each node v; € V cor-
responds to a part of the application that itself belongsto the base
granularity (a single instruction or a basic block). There are three
different types of nodes. A node that

e contains straight forward code. Designation: v? with vZ ¢
VB VB CV.
¢ containsthe beginning of acontrol construct (e.g. the beginning
of aloop or branch). Designation: v7 witho? € V°, V= C V.
e contains the end of a control construct. Designation: »Z with
WPeVE VECVY.
Anedgee;; € V givesthedirection of the control flow from node
v; tonode v;. A nodev; = pred(v;) is called the predecessor of
nodev; if thereisan edgee; ;. Accordingly anodev; = succ(v;)
is called the successor of node v; if thereisan edgee; ;. The set of
all successor of anode v; is SUCC(v;), the set of all predecessors
is PRED( ;).
Furthermore there are two dedicated nodes: a start node and an end
node. For the algorithm in the next subsection a so—called nesting
level ST asan attribute of anodeisneeded. It isdefinedasfollows:

1 : w;isstart node
ST(pred(v;))+1 : pred(v;) € V7
max{ ST (pred(v;))} — 1 v EVE

ST (v;) = .
ST(pred(v;)) : else



Figure2: Stepsof generating the partitioning objectsfor an example

4.2 Generating the partitioning objects

Before the algorithm for generating the partitiong objects is de-
scribed the demands that led to the definition are given:

a) It is desirableto put small parts like basic blocks or instruc-
tions into a partitioning object.
b) Larger partitioning objects should contain whole control
contructs(e.g. nested loops) or possibly functions/procedures
¢) Only a few moves (a move is the action to put an object
from sw to hw or vice versa) should be necessary to obtain
agood co—design.
Some definitions: o; with o; € V' is called a partitioning object.
0; itself is a set that contains of nodes v, € V. So, V° is a set
of sets. Furthermore, an temporarily set V°  is used. It contains
the partitioning objects that have been generated during the actual
iteration step of thealgorithm. ThereistherelationV°™ C V. To
simplify thealgorithmtheterm {o,, 05} ~ 0. hasthemeaningthat
anew partitioning object is created by copying the contents of o,
and o 10 0.. Thereby o4, 05, o, represent partitioning objects. In
the following the algorithm for generating the partitioning objects
isgiven:
1) Transform elementsv; € V' into partitioning objects
an=0
For all v; € V:
If
/\ <|pred(vi)| <1 A |suce(vi)] < 1) then
v; EV
a) {vi} ~ on
b)n=n+1
2) For all o; € VO™
a) Integrate sequential system parts:

0;EPRED(0;) A |pred(o]')|§1{oi’ 0j} ~+ on

b) Integrate control constructs
OjGPRED(o,)/\ST(OJ')<ST(O,) /\okGSUCC(Oj)

(succ(ok ) = succ(o; ))

= {U,oi,o],succ(oi)} ~r On

Ok
On=n+1
3) updating V'C, V'°©* and removing redundancy
4) ready, if |V ©" | = 1, else proceed with step 2)

The whole algorithm is performed as long as the condition of

step 4) isfalse. This means that there is a partitioning object that
contains the whole application. Only one of the conditionsin 1),
2)a), 2)b) becomes true for possibly new generated partitioning
objects.
The effect after performing the algorithm is shownin figure 2. The
example application is the graph from fig. 1. Each of the graphs
in the figure represents the state after one iteration through the
algorithm. The respectively generated partitioning objects are set
off by the grey color. Note that the complete set V© contains all
meanwhile generated objects (in the example o1 t0 017).

4.3 Optimization

Describing the optimization algorithm that generate the so—called
macro instructions, is necessary since the following steps will de-
pend on its peculiarities. In order to solve the problem of finding
the best macro instructions to be implemented in hardware — this
is a combinatorial optimization problem — we have chosen the
simulated annealing algorithm [22] for the following reasons:

¢ It ismathematically well investigated.
o It offers the possibility of a quality/computation time trade—off.
¢ It isindependent from a specific problem.

Our implementation uses the so—called annealing schedule de-
scribed in [23] since it offers one of the best quality/computation
time trade—offs. The interface between the annealing schedule and
the specific problem formulation consists of:

o generate()
If thisfunctioniscalled the generation of anew stateisrequested
i.e. in hardware/software partitioning anew co—design C' hasto
be generated. Thisis doneby amovem of apartitioning object
from sw to hw or viceversa. A characteristic peculiarity of each
co—design C areitscost Cost : C — R*. Thereby C isthe set
of all possible co—designs.

o accept()
If the annealing algorithm has decided to accept this move then
accept() returnsthe value"TRUE".

o reject()
If the annealing algorithm has decided not to accept this move
then accept() returnsthe value "FALSE".

4.4 Sdection of amove

The following prerequisites led to the definition of the selection
algorithm for a new move:
¢ Exactly one partitioning object is moved from software to hard-
ware or vice versaduring one call of the generate() function.
¢ Thealgorithm assumesthat hardware and software partsexecute
in mutual exclusion.
e The algorithm should select a new move in dependency upon
the current co—design.
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Figure 3: All possible base configurationsand characteristic moves

Inthefollowing algorithm theterm o, +—=- H hasthe meaningthat
partitioning object o, is moved from softwareto hardware using the
move m... The algorithm is defined as follows:

1) Random selection of an object o, € V©
2) Case 1: Selected objectisin SW

If
vi€or

Then

a) Valid move: ( U vi) N

v;€0r

3) Case 2: Selected object isin HW

If
vi€or

Then
a)lf

\/ (0j Dor) A \/ v, € H
0; EVO vi€05,v,&0r
Then
No move possible. Proceed with step 1)
Else

Valid move: ( U vi) LA

v; E0r

4) Case 3: Selected object isin partson SW and in parts on HW

If
\/ \/ (vi€S AwvjeH)

v €0r VjEOr

Then

&) og = U v

vi€or, vi€H
b) o; = or\ok
. My
¢) valid move: U vi) — H
v, €0

5) If
) None of the conditionsin steps 2), 3), 4) isfulfilled
Then
Proceed with step 2)
Else
Ready, since avalid moveis found
If avalid move is found exactly one of the cases Case 1, Case
2 or Case 3isvalid. All possible base configurations and moves
are given in fig. 3. The assignments of cases to figures are as
follows: Case 1 = "TRUE" corresponds to fig.3a), Case 2 @) =
"TRUE" correspondsto fig.3b), Case 2 a) = "FALSE" corresponds
to fig.3c) and Case 3 = "TRUE" correspondsto fig.3d). A situation
like in fig.3€) is impossible since no move can generate such an
initial configuration (it would hurt the conventions about the target
architecture).
Based on this base configurations and according moves every valid
co—design can be reached (see [24]).

45 Cost function

After each generated move a new co—design C' emerges. The
simulated annealing algorithm requests the cost of a co—design C'
in order to decideon acceptionor rejection. Thecost function reads:

Area

Cost=A - costr(Tyw sw)+ B - warea - = (1)
. _/_/
time component area component

The total cost of a co—design are composed of a time component
and an areacomponent. Thereby A and B are heuristically chosen
factors which guarantee that the area component in every case is
small compared to the time component since "time" is a constraint
whereas"ared" isan optimization goal. wqr.. isbalancing function
that deliversvaluesbetweenOand 1. Thisallowsaseparation of the
two phases "meet the time constraint” and "minimize the hardware
effort". For lack of space wqr.. isnot described here. Furthermore
Area isthe gate count of all partitioning objectsthat have currently
been implemented as hardware. A is the average gate count of a
partitioning object. Area and A are estimated by a high-level area
estimation tool [24].
Thetime cost are obtained as follows:

Trw/sw—Test 1
costr = e To NTest = Tgywysw - To (2)
N
The exponential factor enforces the simulated annealing algorithm
to punish non-valid co-designs (T'ww, sw > Te.t) and soit accel-
erates the convergence of the optimization procedure. 7o and Ty
are heuristically chosen.
Each partitioning object has a couple of attributes:
19 Thisistheexecutiontimefor the casethat partitioning object
o isimplemented as hardware.
2., Thisisthe communicationtime (transfer of dataand control)
from software to hardware and vice versafor the case object
o isimplemented as hardware.
19, Thisisthe executiontime for the casethat partitioning object
o isimplemented as software.
1t Thisis the number of times the partitioning object o is exe-
cuted (profiling datafor atypical set of stimuli).
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Figure 4: Speedup constraint spu.cons:~ and estimated speedup
spu..: for different design points of an application

19w is estimated by a path-based estimation technique and ¢Sy
uses a run-time analysis tool

The incremental cost (timing) of a partitioning object o are
calculated asfollows:

to = (tOHW + tiom - tgyn,com - t%W) : ito (3)
After each movethe run—time of the whole co—design (i.e. the hard-
ware/software system) is updated:
If
(Partitioning object o is moved from SW to HW)
Then

Tuywisw = Tawisw + 17
Else

Tuywisw = Tawisw — %

Together with equations 1, 2 and 3 the cost of a move can
be calculated incrementally. This is useful since it saves a lot of
computation time during partitioning. Furthermore note that all the
attributes of a partitioning object have been pre—calculated — that
means before the simulated annealing is performed. For further
information about the target architecture, please refer to [25].

5 Experimental results

In this section we demonstrate the efficiency of the proposed algo-
rithm by means of a set of applications that partly come from real
industrial projects. The sizes of the applications reach from about
30 lines of C—code to about 500 lines of C—code. All steps of the
partitioning algorithm are fully automated as well as the necessary
estimation methods.

Speedup and timing constraints
Speedup and timing constraint are defined as

Tswiaw

SpUp/s = > SPUcst,

Tsw
where Tsw is the execution time of an application for an all—
software solution, Tsw,mw is the execution time of the same
application but for a hardware/software implementation (after par-
titioning) and spu..: isthe given constraint speedup. Fig. 4 shows
the behaviour of the obtained speedup and speedup constraint for
different design points of an application. The graph "spu..:" gives
theresult obtained by the partitioner. It can be seenthat in all cases
the constraint of the above inequation is met (spucst > $pucst).

Table1 shows some more results. It also shows the real speedup

Time constraintsspu st
Applic. | Meas.
2.00 | 3.00 | 500 [ 10.00
SpUest — 3.90 5.20 13.77
"bin" SPUsyn — 3.27 5.36 11.63
geq — 2632.0 | 12997.0 | 12690.0
SpUest 2.04 3.03 5.04 max.
"bp2" SPUsyn 1.62 3.10 4.69 spu
geq 329905 | 358615 | 36914.0 8.45
SPUest 2.70 3.00 max. max.
"digb" SpUsyn 4.25 479 spu spu
geq 20395.0 | 21507.0 3.90 3.90
SPUest — — — 15.78
"frac" SPUsyn — — — 19.98
geq — — — | 195275
SPUest 2.00 max. max. max.
"huff" SPUsyn 2.78 spu spu spu
geq 7272.0 3.80 3.80 3.80
SpUest — — 7.42 10.29
"sml" SPUsyn — — 9.13 11.46
0eq — — | 11.089.5 | 12706.5

Table 1: Results of estimated speedup, synthesized speedup and
hardware effort

"spusyn" that hasbeen obtained asfollows: after hardware/software
partitioning the software part has been mapped to a standard pro-
cessor core (SPARC) and the hardware part (including interfaces)
has been synthesized using high-level synthesis. Afterwards we
have taken the output (slif netlist) of the high-evel synthesisand
optimized it using the SYNOPSY S design compiler. After simula-
tion of software and hardware parts we got the real speedup called
SPUsyn -

Thetable showsthat in all casesthe speedupvaluesarevery closeto
the constraint. Thepartitioner meetsthe given speedup constraintin
all cases. Due to the inaccuracy of the estimation tools (hardware
run—time, software run—time, communication time) that perform
estimation at a high level of abstraction there are some deviations
between real synthesis results (spusy») and constraint (spucst). It
shows that the estimation tools have a good accuracy.

An arc in the table means that the according design point is the
same as the one the arc points to. Other applications cannot be
sped up more than a maximum value due to the peculiarities of an
application.

Computation time

Dueto thevariablesize of the partitioning objectsthat can cover the
whole application or only asingleinstruction, the computationtime
could almost be kept independent from the size of the benchmark.
Of course, the number of all possible partitioning objectsis larger
than it would be when using a fixed—sizegranularity (we measured
about four times more partitioning objects than there would have
been if the granularity had been fixed to basic block level). As
a result the computation times have been in most cases within a
couple of seconds.

Hardwar e cost

Also animportant task in embeddedsystemsdesignisthe minimiza-
tion of the hardware cost. The attribute "geq" (gate equivalents)
gives the hardware cost for every design point. Large speedups
around 10.0 lead to a small hardware cost (application specific
hardware of the hardware/software system) of only 30.000 or less
gate equivalentsis due to the cost function that also takes into ac-
count a hardware component (see eq. 1). The hardware results are
obtained by using the SY NOPSY S design compiler.

Fig. 5 shows the percentage of hardware that could be saved com-
pared to the same cost function but without the hardware compo-
nent. It can be seen that in some cases savings of up to 50% have
been achieved.
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Figure 5: Savingsin hardware cost by using an explicit hardware
cost component in the cost function

6 Conclusion

We have presented a hardware/software partitioning approach that
determines the granularity dynamically i.e. during the partitioning
process. Therefore the granularity is best suited for the specific
peculiaritiesof an application. Thisisthemajor differencetoknown
approaches. The experimental results have shown that a large
speedupis obtained and in every casethe given speedup constraints
could be met. The new partitioning approach is integrated into the
COSYMA environment [4]. Due to the dynamically determined
granularity the computation times of the partitioner are kept small.
Nevertheless an improvement in system speedup can be obtained
by extending the target architecture to a concurrent execution of
hardware and software parts.
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