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Abstract: The hardware optimization technique of mono-similarity-system generation is presented based on hard-

ware/software( HW/SW) co-design. First, the coarse structure of sub—graphs” matching based on full-customized

HW/SW co-design is put forward. Then, a universal sub—graphs’ combination method is discussed. Next, a more ad—

vanced vertexes” compression algorithm based on sub—graphs” combination method is discussed with great empha—

sis. Experiments are done successfully with perfect results verifying all the formulas and the methods above.
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1 Introduction

Along with the coming of ULSI, hardware/
software (HW/SW ) co-design methodology was
put forward and researched by many savants. But
most of the developed algorithms are IP-SOC based
on HW/SW co-design methods. T hey are technical-
ly suitable for IP based half-customized co-design,
not for a HW/SW co-design from scratch.

HWs, in an exact meaning, should be defined
as all those functional units (FUs), while SW is
only those, who control codes setting all the HWs~
working states all the time, and organizing them to

achieve the system’s whole task. But in [P-S0C
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based on HW/SW co-design, HW is usually defined
as non-programmable IP, such as ASIC, FPGA,
etc, while SW is coarsely defined as programmable
IP, such as MCU, DSP, etc. From this way, HW/
SW co-synthesis methods for ULSI design are sim-
ply derived from High-devel Synthesis ( HLS),
which is very successfully used in VLSI design, on-
ly by replacing % .- .* ./”, the basic FUs of
HLS, with IP modules. But, during this transforma-

fine-grain ” method was changed into a

IP-based

tion, a

‘coarse-grain ” method. In such an
method, the function of any IP can not be changed
freely when this IP is used in some special control
data flow graphs (CDFG), the performance of any

[P also can not be changed freely when it is used
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under some special system restrictions. In one sen—
tence, an actual trade-off between HW and SW can
not be made freely according to the characteristics
of system description and restriction. What is
more, due to different IPs” different interface pro-
tocols, methods must be developed to solve inter—
face synthesis problems'*®. So the results of half-
customized design have not the most optimized
cosls.

Tasks scheduling of a task graphs (TG) or a
CDFG is the core of design. Many IP based co-de-
sign algorithms allocated vertex tasks to IP mod-
ules with the smallest cost''"*”, but the inner
function and scale of every IP is unchangeable.
Many HLS algorithms for VLSI also reused basic
operators properly to complete the whole CDFG,
but the scheduling units are too small to achieve a
ULSI. So the scale, function and performance selec—
tions of FUs are the core of a full-customized HW /
SW co-design.

A real full-customized HW/SW co-design has
been developed. In this paper, the hardware opti-
mization technique of the full-customized HW/SW
co—design is presented. First, the coarse structure
of sub—graphs” matching based on HW/SW co-de-
sign is put forward. Then, efforts will be made
mainly on the discussions of universal sub-graphs”
combination technique and a more advanced

vertexes” compression algorithm based the tech-

nique. Experiments are done with ideal results.

2 Problem formulation

The task of HW/SW co-design is:

(1) Receive a CDFG and system restrictions
as inpuls;

(2) Through HW/SW partitioning and system
structure generating, output a design with the most
optimized costs.

Usually, the varying trends of delay and area
are opposite. When a design has both HW and SW,
the more the HW accounts for, the bigger the area

will be, but the shorter the delay is. Then, accord-

ing to the system restriction type, the most opti-
mized costs drive at one of the following 3 types:

(1) The shortest delay (T) under area restric—
tion (Sres) .

(2) The smallest area (S) under delay restric—
tion ( Tres) .

(3) The smallest value (C) of dividing price
(S) by performance (1/T).

So, the essentiality of HW/SW co-design is to
make a restrictions-oriented trade-off between HW
and SW.

Accoreling to some rules of sub-graphs’
matching, one can divide a data flow graph (DFG)
longitudinally into many similar sub-graphs
(SGs). and combine them into several compound-
graphs (CGs) according to their similarity, then,
map every CG directly to a multifunctional hard-
ware unit, so these units (i. e. HWs) can complete
the the system’s whole task under the controlling
of control codes (i. e. SW). That is the coarse
structure of the idea of SGs” matching based HW/
SW co-design.

[f only one CG was combined, and only one
multifunctional hardware unit was generated, then
the design is called as a mono-similarity-system
(MSS), else, a multi-similarity-system (USS) will
be generated. In this paper, USS will not be dis-
cussed. Three cost functions of a MSS can be de-

fined as:

Area:  Swuss= Swit + dSuwem + Sothers (1
Delay:  Twuss = d(Twen + Tunit) (2)
Coordination:  Cwss = SwmssTuss (3)
where
d = amount of SGs in DFG; Sui= circuit area of

CG; Swem= area of every item of control codes; Sohers
= area variance of registers and multiplexers at the
10 ports of CG, due to the different partition and
combination of SGs, which could be calculated after
CG generation with the method of living and dead
periods; Twen = delay of control circuits in every
control step; Twi= delay of CG in every control

step.
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3  Universal sub-graphs” combina-
tion (USGC) technique

3.1 Associate matrix and MA algorithm

In a SG, vertexes can be divided according to
their types of operation. For the same type of oper—
ation, vertexes can be sorted by their execution se—
quences. So, an associate matrix (AM) describing a
SG can be constructed. Figure 1 shows an exam-
ple. where the element ai; of the matrix represents
the edge starting from vertex i, and ending on ver—
tex j in the SG.

W 1+ 2+ 1- 2- 1% 2% 1/

WO0OEBLBOGOGOO
+0 0O R 0 0 L L
240 00 0L 00O
-0 00 00 R O R
=L 00 00 000
i*0 0 0 0 RO L O
2L 00 00 000
/0 00O OO O RGO

Fig. 1

left input of the object vertex: R: an edge to the right

A sub-graph and its AM  L:an edge to the

input; 0: nothing: B= L+ R; W: outside of this sub-

graph

When there is such a cluster of data flow SGs:
for any vertex operation type, the vertex amounts
are the same in all SGs, then matrix addition (M A)
algorithm can be used to get the CG structure of
these SGs.

MA is an algorithm of making a sum of all the
SGs” associate matrixes by adding all the elements
with the same subscripts in different matrixes. T he
rules of element addition are:

(1) The value of an element can be 0, L, R,
or B;

(2) Any element will not change its value
when it is added to 0, or to the same value;

(3) In all of the other conditions, the sum is

B.

3.2 USGC

USGC method has been developed and com-

pleted. When there is a cluster of arbitrary SGs,
USGC method includes 2 steps.
3.2.1 Unifying all the SG vertex scales

In a cluster of arbitrary SGs, the vertex

amounts of some types of operation in different
SGs may be varied. But if the vertex amount of any
type in any SG can be expended to its maximal
amount used in all these SGs, all the SGs” vertex
scale of any type of operation could be unified. In
fact, the vertex scale of any type of operation for
SG could be expended to its maximal amount used
in all these SGs in the following way. When some
expended vertex is not really in this SG, just isolate
it in the SG,i.e., and suppose that there is no edge
connecting this vertex with other vertexes, or with
the outside of this SG.

3.2.2 Combining SGs

After unifying all the SG vertex scale of any
type of operation, AM algorithm can be used to get
the CG structure as well.

Figure 2 shows the CDFG of 3" order gray-
markel ladder filter in the left and SGs partition,
combination in the right. The following addition
shows these SGs” AM algorithm. The CG is struc-
tured from the result matrix, i. e., the associate
matrix of CG.

IN D1 D2 D3

1
; l 2+ i | F
3 21X 3
2 2 . I
1
! 23 3 } !
2% 1
o, 1
1
1
v 2§ 2
3
D1 D3 our D2

Fig.2 Third order gray-markel ladder filter
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According to the above method, ter USGC based on different vertex types inner
‘ similarity.
Snnil - LS1 + Z(Unmx.iSnp.i) + XSmlu (4) i . ) . o
= In a CG combined with USGC, the vertex
Tunil = Tlmn,pillll ( 5)

w here

Se= circuit area of every edge; a= amount of vertex
operation types in all SGs; Soni= area of the ith
type vertex; Smx= area of every multiplexer; L, X
= amount of edges and multiplexers inside CG cal-
culated by MA algorithm; Uwax,i= maximal amount
of the ith type vertexes used in all these SGs, i.e.,
the amount of the ith type vertexes in CG; T max. pamn

= maximal delay in all SGs.

4 Vertexes” compression algorithm
based combination technique

4.1 Resource synthesis

Resource synthesis, or resource combination,
is to combine different operations into a compound-
operator (CO). The basis of combination is that
the operations for combining have some similarity
so that they can share the common circuits, and the
total area could be decreased greatly with little in—
crease of delay. In fact, any two operations have in—
ternal similarity to some extent.

Table 1 shows several modules designed by
us. Every CO is designed with area and delay as
small as possible. Table 1 indicates that the more
the operations are combined into one CO, the high-

er the area compression efficiency is.
4.2 Vertexes” compression algorithm

USGC method is to combine SGs based on
graphs similarity, while vertexes” compression al-
gorithm (VCA) is to further recombine the SGs af-

amount of every type equals to its maximal-usage-
degree in all SGs. So, in any vertex type, there must
be several vertexes with large serial numbers in i-
dle state during the most working time of CG. On
the other hand, when these low efficient vertexes
are busy in some SGs, there may be other types”
vertexes with equal amount of idle in the same
SGs. VCA tries to delete all these low efficient ver—
texes and to move their tasks to other types” idled
vertexes in those SGs. Because the other types” i-
dled vertexes may also be busy in the rest SGs,

they must be converted into COs via resource syn-—

thesis.
Table 1 A module library
Single-operations
. B . / SIG Edge Mem
s 1 1 10 10 26.5 0.2 0.1
el |1 s s 155 | 0.2 15
. Compound-operations
+ & |* & |F & | SIG&/ * &/ &= SIG&* &/
s L1 12 10| 28.5 12 28.7
t ] L1 |*5.2(*% 5.2 SIG # 5.2 S1G
/6.7 |- 1.2 15.7 /6.7 15.7
/6.7 - 1.2 * 5.2
/6.7
(SIG: A module calculates sin® or cos6, it receives 8 as one input,

receives function selection as another. )

In practice, VCA tries to reduce every type’s
vertex amount of CG one by one from its maximal-
usage-degree (MUD) to secondly-maximal-usage-
degree (SMUD) in all the SGs. The detail of VCA
is shown in Fig. 3, where Ui;(Ui;= 0 is permitted)
= usage-degree (UD) of ith type vertex in the jth

SG; PUij= ith type vertex’s pseudo-usage-degree
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(PUD) in the jth SG; Uswa.i= SMUD of ith type

vertex. If some kth type vertex only has two usage-

degrees in all SGs a maximal-usage-degree
Uwas.t and a minimal-usage-degree Uwint, then set
Uswsc. k= (Unax.i+ Unin.t) /2. 1f some kth type vertex
only has one usage-degree in all SGs, then these
SGs are entirely congruent on this vertex type, and

the VCA is not needed here.

for (int i= lyi< a+ i+ + ) |
for (int j= lij< d+ lij+ +)
PULi[j1= ULl
}
for (int k= l;k< a+ l;k+ + ) |
wlk]= Umax[k]- Usmax|[k]:
find all those f[k] SGs that possess Umax[k] k™ type
vertexes:
int i= 1:
while (Umax|[ k| > Usmax| k] && i< a+ 1) {
ascertain the value of LUmax[i][k]:
/% LUmax[i][k]is the i" type vertex”s local-maximal-
PUD in those f[ k] SGs * /
v[i]= Usmax[i]- LUmax[i][k]:
if (v[i]>0) {
if (w[k]< = v[i]) {
convert w[k] i" type vertexes into w[k] i & k
compound-operators;
remove w[ k| k'™ type vertexes;
Umax| k]= Usmax[k]:
add w| k] to the {[ k] SGs~ i type vertex’s UDs;
LUmax[i][k]= LUmax[i][k]+ w[k]:}
else |
convert v|i] i type vertexes into v[i] i & k com-
pound-operators:
remove v[i] kth type vertexes:
wlk]=w[k]= v[i]:
Umax| k]= Umax| k] - v[i]:
add v[i] to the f[k] SGs i" type vertex’s UDs:
LUmax[i][k]= LUmax[i][k]+ v[i]:}
sel the i tvpe vertex’s PUD of fl k] SGs with LUmax

[il[k]
}
i+ +
)
}
Fig. 3 Vertexes” compression algorithm

4.3 CG’s generation by VCA

After VCA, CG-s all vertexes are regenerated,
and in any SG, the every vertex’s location in the
CG has been refixed, so edges” combination method
is just the same as USGC. Thus CG’s all edges are
also regenerated. What is more, an edge compres-
sion algorithm (ECA) has also been developed,
which is not included in this paper.

According to the above method,

a

Suni! = L\Sv + Z ( UniSnp,i}

i= 1
as b
+ Z ( U\'.hg"sp.i} + X\'n. mux (6}
i= a+ |
Twi=T max, path ( ?}

where Ly, X+, Ur.i= amount of edges, interior multi-
plexers and the ith type vertexes of CG after VCA;
b= amount of COs; Sewp.i= area of the ith CO type;
T wax.pan = maximal delay in all SGs after VCA,
which is longer than T wa.pan due to the structural

change of some vertexes.
4.4 Characteristics of VCA

(1) VCA can greatly reduce the amount of to-
tal vertexes in CG, especially when some types”
vertex UDs in SGs are distributed very anomaly.
Moreover, after VCA, all the vertexes of CG can be
redivided according to both the operation types and
the amounts of compound operations, so VCA
could be rerun, based on the existing results, if the
first compression effect is not yet very patent.

(2) vVcA

amounts in different SGs are equal coarsely, thus

requires that the total vertex

all types” vertex MUDs can be evenly distributed
in different SGs. For extreme example, if a SG has
all types” vertex MUDs, VCA is no use. But no
other way can be used here. In fact, all the vertexes
of this SG are also all the vertexes of CG.

(3) Area compression effect is decided not on-
ly by VCA’s vertex amount compression effect, but
also by different operations” resource synthesis ef-

ficiency.
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S Combination efficiency

The combination efficiency of above two tech—
niques can be calculated as:

EFF = Scorc/(dSui) (8)
where
Scorc= total area of CDFG when the whole system
is designed with pure HW.

EFF has a range from 0 to 1, and the bigger
the EFF is, the more efficient the combination will
be.

EFF is also influenced by SGs” partitioning
method from CDFG. A universal SGs” partitioning
(USGP) method has already been developed by

us, but it is not included in this paper.

6 Experimental results

6.1 Experiment of VCA

VCA has been completed with C+ + Builder
5.5. In order to test the validity of VCA, a test-
data-generator (TDG) was also designed. When
the amount of SGs, the amount of operation types
and the rough vertex amount of every SG are given
to TDG, it will randomly output every SG’s every
type’s vertex amount to the main program of VCA
for test. An example with 5 SGs and 5 operations
(A—E) is shown in T able 2, the figures in Table 2
represent vertex amounts. The compression pro-
cess and result are shown in Fig. 4 and Table 3.
The each pane in Fig. 4 represents a vertex, and the
capital in each pane represents the vertex type.

Table 2 An example with 5 SGs and 5 types of operation

\ (}pm‘_nlion Sum
A B C 1] E

5Gi 1 3 5 8 10 27
SG2 2 4 8 5 6 25

UD| SCs 2 2 8 9 5 26
5Ga 4 3 2 9 7 25
SGs 5 5 4 5 6 25
MUD | 5@ SGs | 5@SGs | 8@ SGa, 3| 9@ SGa 4 | 10@SG, | 37
SMUD 4 4 5 8 7 28

1r 3 4 s 6 7 8 5 M
anpe[ATATATATA]
Bope[ BB BB ]n]
cope{c]cfeJeJecfelc]e]
pipe[p]D DD D] D[ D] D[0E]
Etype[£ [E|E [E[ B[ E|E|E]E]E]

1) Vertex distributions of CG which
is generated via USGC with 37
vertexes in total

1 F3 3 4 3 5 7 >

Atype[A]
L1 3 4 s e 5, Bipe[B15[5]
Atype A REAGEAGE] T cym[c]c]Etlc
s E“,._mi — N S Y Y W
cope[ETETETETAE] ‘:
- e AC
buype[ 8 5 [ T5TBTEB[51 5 uw 1y The finl G strcture

Enpe[E [E B |E] E] B|CE] i with 10 type vertexes
“F type :
11) Vertex distributions of CG whichis (ce]  and28vertexesintotal

generated via USGC and enhanced  BDtype[2D[ D]
by VCA ACE type[ACE[ACE

Fig. 4 Number and type distributions of all CG ver-

lexes
Table 3 VCA results of the 5 SGs
-N----"'--MH unD New
T~ 8Gi | sG2 | s6s | sGa | ses | mup
A 1 1 1 1 1 1@ 55Gs
B | 3| 3| 2 3| 3 | 3edscs
C 4 4 4 2 4 4@ 45Gs
'p | 7 | s | 7] 7| 5 | 7@3s0s
Vertex | E 6 6 5 6 6 6@ 45Gs
wpe | AC | 1 | 1 | 1 0 | 1 | 1@4s6s
AE 1 1 1 1 1 1@ 55Gs
CE 1 1 1 1 0 1@ 45Gs
. _BD 1 1 2 2 2 2@ 35Gs
| ACE 2 2 2 2 2 2@ 55Gs
Sum 27 25 26 25 25 28

Table 3 indicates the following results.

(1) VCA is entirely correct.

(2) VCA is very efficient on compressing ver—
tex amounts. Here, every type’s vertex amount has
been reduced to its old SMUD. After vertex’s re—
division according to the new operation types, al-
most every SG’s every lype vertex’s amount has
reached its new MUD. And the final CG’s vertex
amount is almost equal to SGi.

(3) Because some operation may undertake
the tasks of two or more other operation types sep-
arately in different SGs, some COs may include
three or more types of operation. As mentioned in
4. 1, multi-operation combination is entire reality

and should be encouraged.
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6. 2 Experiment of VCA enhanced MSS design
flow

MSS design flow has been completed and sev-

eral practical experiments have been done with ide—

al results. For example, Figure 5 shows the CDFG
of Fresnel transition function. Design library is
shown in Table 1. When system restriction Sre=
145, partitioning process is shown in Fig. 5, the

main results are shown in Table 4.

Fig. 5
Table 4 Partitioning results of Fresnel transition function
d T S C EFF
3 USGC 67. 8 179. 1 12143 0. 63
T lvea 68. 4 144. 3 9870 | 0.77
4 USGC 78.8 121.3 9558 | 0.70
VCA 78.8 98. 1 7730 | 0. 85

Table 4 indicates following characteristics.

(1) When using USGC, the most optimized
design is the partition at d= 4 with Suss= 121.3
and T'uss= 78.8; but when using VCA, the most
optimized design is the partition at d= 3 with Suss
= 144.3 and Tuss= 68. 4.

(2) The values of EFF show that both USGC
and VCA techniques have good combination effi-
ciency, but VCA does have better efficiency than
USGC.

(3) With the same partition results, VCA
combination method will get smaller area than US-
GC, but get almost the similar delay as USGC. So

VCA combination method will sure to get smaller

CDFG of the Fresnel transition function

coordination cost than USGC.
Hardware descriptions of those designs have

been written in VHDL and were tested with Model

Sim-99.

7 Conclusion

In this paper,two hardware combination tech-
niques of our full-customized HW/SW co-design
are presented. In brief, with USGC, the vertex
amount of every type of operation in the CG equals
to its MUD, while VCA tries to reduce every type’s
vertex amount of CG one by one from MUD to
SMUD. All the experiments and result incontro-
vertibly verify our formulas” validity and our all

methods” superiority.
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