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Abstract 
From a high level synthesis point of view, a target design can be divided into two parts: controller and 

datapath. A single shared bus is a suitable structure for datapath synthesis with respect to interconnections costs 
which suffer from several drawbacks such as low data communication bandwidth. It has also been shown that 
the word-length of functional units has a great impact on design costs. A combination of both methods is the core 
idea of this paper which is offering an improved communication structure. In this method a datapath is parti-
tioned into groups connected to segmented shared buses; every partition has a different width and all the func-
tional units connected to a bus partition have the same input/output word-lengths. Having controlled the group 
binding and word-length of the functional units, as well as the other synthesis parameters, a high-level synthesis 
tool is introduced to implement DSP algorithms in digital hardware. The tool uses a multi-objective optimization 
genetic algorithm to minimize the circuit area, delay, power consumption and digital noise by selecting optimal 
grouping and word-length for the shared bus structure. Results demonstrate that savings can be made in the 
overall system costs by applying this method. 
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1. Introduction 
As digital integrated circuits grow in complexity and size, 
new optimization problems come up in implementation 
of the data communications at different levels of design 
abstraction. Generally, data communication is considered 
as a problem in architecture level design, which deals 
with data exchange between sub-systems. However, with 
more complicated designs and High level Synthesis 
(HLS) methods; reconsideration of this issue at a lower 
level of design abstraction is a viable suggestion. 

One commonly used on-chip communication structure is 
the shared bus architecture in which one or a small num-
ber of interconnections are shared among all the Func-
tional Units (FU) as a data bus. The main advantages of 
the shared bus architecture include: simple topology, low 
cost, and extensibility. It is, however, slow and requires 
more control overhead in comparison to directly con-
nected units. Segmentation of the shared bus is a simple 
but effective way to cut down the communication latency 
which also reduces the power consumption [14]. 

On the other hand, one of the problems in implementing 
massively computational hardware, for instance a Digital 
Signal Processor (DSP), is choosing an appropriate word 
length for arithmetic units. Using a Word-Length (WL) 
less than the worst-case assumption at different points in 
the system would save implementation costs [5]. To our 
best knowledge, this issue and related subjects have been 

investigated only in terms of their effects on FU imple-
mentations, independently of the target architecture or of 
the communication structure between FUs.  

By combining these two topics, the objective of this work 
is to present the concept of a Multiple-Width Multi-Way 
Partitioned Bus (MW²P-Bus) and to show how it is used 
to find the optimum design solution for datapaths. This 
method provides a grouping scheme for FU that share a 
section of the bus with the same WL at Register Transfer 
Level (RTL) as well as required binding, allocation and 
scheduling information for synthesis of the controller. 
Here “bus” represents the extended concept of shared bus 
which is partitioned into serial and parallel segments and 
each segment is isolated from others unless an inter-
group data exchange happens.  

From another point of view, in this method the feasible 
space for HLS is broadened by two new dimensions: bus 
structure and WL. Since the complexity of Linear Pro-
gramming in this feasible space demands an unreasonable 
execution time for finding the optimal point(s), stochastic 
methods are more desirable. Accordingly, a Multiple-
Objective Optimization (MOO) method is introduced and 
implemented using a Genetic Algorithm (GA) to optimize 
the circuit area, power consumption, accuracy and speed 
in this extended space.  

This paper is organized as follow: section two provides a 
brief review of previous work, section three discusses 
implementation methods, section four explains the cost 
functions of the implementation and their relationship to 
the controlling parameters. The optimization algorithm 
and results are presented in sections five and six respec-
tively and section seven concludes the work. 



2. Background 
Many attempts have been made to introduce methods to 
improve the speed or power consumption of communica-
tion on shared buses. In [9], Ewering introduced a high 
level synthesis method which is restricted to a predefined 
target architecture. This method partitions a Data Flow 
Graph (DFG) towards a bus oriented design and claimed 
a successful result in the first experiments. 

Kim et al proposed a new partitioned-bus architecture  
and its supporting high-level synthesis methodology in 
[12]. Their architecture extends the linear architecture by 
stacking multiple layers for handling large datapath inten-
sive applications. Experiments show that this approach 
generates a compact datapath layout with flexibility of 
aspect ratio and reduces the average bus driving length. 
According to Hsieh and Pedram [11], generally, the seg-
mented bus architecture compared to a monolithic bus 
architecture showed a considerable energy saving. The 
proposed heuristic used a maximum weight matching 
algorithm and combinatorial search; however it ignored 
some HLS parameters and assumed a fixed set of allo-
cated FUs.  

Seceleanu et al [14], reported resource allocation on a 
segmented bus platform in which the optimal solution 
was formalized as an organizational problem, and where 
the objective was to minimize the maximal weighted traf-
fic between the system devices. In contrast to our work, 
they focused on applications of bus partitioning in which 
coarser-grained units are involved. HLS techniques are 
out of the scope of their work. 

There are studies, on the other hand, which over the past 
few years have attempted to demonstrate the fact that 
using an optimal WL for FUs, less than the worst-case 
assumption, at different points in the datapath, would 
dramatically save implementation costs.  

Kum and Sung [13] introduced several heuristic WL op-
timization methods to trade-off system area against Sig-
nal-to-Quantization-Noise Ratio (SQNR). In their tech-
nique, a reference system is designed without overflows 
or signal quantization effects and then a HLS is per-
formed based on the minimum WL information, while the 
final WL optimization is conducted using the synthesized 
hardware models. There is no suggestion in that work to 
use the power consumption as an optimization objective. 

Constantinides, Cheung, and Luk focused on developing 
algorithms for WL optimization [5],[6]. These methods 
employed analytical digital noise analysis which is more 
suitable for Linear Time Invariant (LTI) systems. Con-
stantinides later extended the previous efforts to nonlinear 
components in a datapath by employing a small signal 
approach and investigated the effect of precision optimi-
zation on power reduction as a by-product of the WL op-
timization [4]. Again in this work power consumption 
was not an objective in the optimization heuristic. 

Our study offers a combination of the WL optimization 
method with shared bus partitioning in which the delay 

cost is reduced considerably and also the number of 
wires, power consumption and optimization time of the 
WL optimization are decreased as a side effect. 

3. Implementation 
In this study, a design method is proposed that starts from 
a hierarchical behavioral specification of the target sys-
tem and produces a synthesizable RTL representation. 
The resulting design is constructed hierarchically using a 
shared bus with a flexible structure to match a variety of 
applications [1]. 

The majority of HLS methods split the target design into 
two parts: controller and datapath. The controller is a 
state machine which manages the sequence of operations 
and controls the datapath blocks, whereas the datapath 
contains the FUs and does the computation. Normally, 
the datapath is synthesized using multiplexers, registers 
and switches to manage the required interconnections 
between FUs, registers and other modules [7]. From the 
data communication standpoint, it is assumed in this ba-
sic approach that always there is a communication chan-
nel available for data transfer from one unit to another. 
Although this method is very popular and effective in 
small datapaths, it is questionable whether the wiring 
complexity and multiplexer overhead of this method is 
affordable in more complicated datapaths. Consequently, 
structured datapaths are more attractive for computation-
ally massive systems, such as DSP. 

To generalize this issue in system design, it is necessi-
tates that high level synthesis methods be revised. Nor-
mally in DFGs, the broadly accepted representation of the 
datapath or system operation, the basic stress is on the 
functional units. Consequently, design optimization steps 
are focused on them.  But from another view point, with 
more emphasis on data communication in the system de-
sign, data transfer points should be involved in the syn-
thesis and optimization process. 

Figure (1) helps to make the point more clearly. In Figure 
(1-a) a DFG in depicted in C-steps time scale assuming 
no restriction in data communication between operations. 
In other words, it is supposed there is a data communica-
tion channel available for every unit whenever they need. 
Normally multiplexers and registers are used for imple-
mentation of such a data transfer structure in datapath 
synthesis. Obviously, as more as units are reused in the 
design, the cost of these glue logic circuits increase [7]. 

In Figure (1-b), on the other hand, an extreme restriction 
is applied to the data communication structure which pro-
vides only a single shared data communication channel or 
bus for all sub-systems of the FUs. As depicted, in this 
case only one data transfer can take place in each C-step, 
which means that the DFG must be expanded along the 
time axis to be implemented without any data collision 
between sub-systems. A single shared bus structure ex-
actly matches this scheme. Our goal is to propose a 
method which provides a communication structure with a 
performance between Figure (1-a) and (1-b). 



 
Figure 1. Data transfer in DFG a) one path for every trans-
fer b) a single shared path for all. 
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Figure 2. a) FUs are connected to a single partitioned bus b) 
two line partitioned bus c) three line partitioned bus. 

Partitioning the shared bus is an attempt to improve the 
scheduling of the Figure (1-b) by localizing data commu-
nications. The general idea is based on grouping FUs in a 
way that each group contains FUs which have the most 
communication with each other, depicted in Figure (2). 

Figure (2-a) shows a single shared bus partitioned to in-
dependent segments. In the ideal case the overall speed 
should be multiplied by the number of bus segments, 
however it is unavailable because of the inter-group data 
transfer. Getting closer to the  ideal speed is possible by 
adding parallel segments by which some inter-group data 
transfers can be bypassed, as illustrated in Figure (2-b) 
and (2-c). FUs in Figure (2) are considered as single input 
units which does not reduce the generality of the method 
because in the case of multi input FUs, each input or out-
put can be connected to the same or different bus seg-
ments. 

The system bus of the Figure (2-b) and (2-c) can be 
thought as a grid in which its vertices are bus partitions 
and its edges are bus switches.  This structure is extendi-
ble to a manifold lattice structure. The number of re-
quired switches in a full implementation N-line bus struc-
ture is equal to the number of the N-Gonal base prism 

vertices multiplied by the number of the segments in the 
bus. For instance 33 ( )14(3423 −×+××= ) in the case 
of Figure (3-a)).  
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Figure 3. Examples of the proposed bus structure in higher 
dimensions. 

The structures in Figure (3) are N-Gonal Prism Lattice 
Buses which require 3-D wiring. In general, interconnec-
tions complexity increases by the bus dimension and 
number of nodes. This bus structure can be reduced by 
the synthesizer to simpler forms by pruning the less used 
edges during the optimization process and trading off 
with some other costs. Figure (4) illustrates the simplifi-
cation idea for a planar lattice structure.  
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Figure 4. Graph model for the three line bus as in Figure (2-
c) in general structure b) Same bus after pruning unused 
segments. 

Clearly, nodes which are placed in the most left-hand side 
or most right-hand side of the bus need less data traffic in 
comparison with the nodes which are placed in the central 
part of the bus. Applying this reduction method suggests 
that in general, the number of required parallel links re-
duces at the most ends of the bus. Accordingly, the gen-
eral form of the bus can be depicted as in Figure (5-a) 
which is similar to an N-agonal bipyramid. 

4. Cost Functions 
The costs of the design can be divided into three parts: 
those of controllers; datapaths; and interconnections. 
Since the design space is extended by WL and bus struc-
ture here, the effect of these two new costs must be evalu-
ated on each part individually. The controller part is not 
dependent on the WL or system bus structure and so it 
should be considered as a constant value in the cost func-
tion but the effect on the two other parts must be investi-
gated. Having focused on WL, it is shown in [3] and [2] 



that accuracy, area, delay and power consumption costs 
are dramatically dependent on the WL. Bus structure, on 
the other hand, influences costs in two trends: adding bus 
switches and their control wires; and changing the width 
of the bus segments. Area, delay and power consumption 
of the bus switches are straightforward for inclusion in 
the cost functions and are the same as FUs but wires cost 
requires more investigation. Therefore, the cost model is 
as given in Equation (2), 

)()()( XFXFFXF InterconcDatapathsControllerTotal

rrr
++= , (2) 

where F is the cost function and X
r

 is the set of MW²P-
BUS parameters. An important point which needs to be 
reiterated here is that the proposed cost models are func-
tions to evaluate different designs during optimization, 
which means their ability to map feasible design space 
individuals into a set of distinct cost values are more im-
portant than their precision. In the following subsections, 
brief descriptions of the cost models are presented. All 
the relations and values are based on basic cells in the ST 
1.2µm technology using the Synopsys tools. 

4.1. Interconnections Costs 
The proposed Prism Lattice Bus has a fairly complicated 
interconnection structure which increases the intercon-
nection cost. To investigate this cost, the proposed bus is 
considered independently. In a very pessimistic evalua-
tion it can be taken to mean as a worst case (boundary) 
value of its implementation cost. 

From the implementation point of view, a reduced M-
segmented MW²P-Bus bus, as depicted in Figure (5) in 
complete form, is constructed from BN  bus segments and 

SWN  bus switches as given in Equation (3) and (4). 

( ))2mod(6
4
1 2 MMMNB ++= ,   (3) 

))2mod(()2)1((2 MMMMMNSW ++−+= , (4) 
Here all the bus switches have the same structure and are 
connected by two w-bit width terminal networks; w is 
known from the bus structure after optimization. Accord-
ingly, classical floor-planning can be employed to evalu-
ate its implementation cost. 

Rent’s Rule gives a complexity measure of the intercon-
nection topology and the quality of the placement, or if 
placement has not been done, an estimate of the quality of 
the placement using circuit partitioning. This is the rela-
tionship between the average number of terminals (or 
pins), T, of a part of a circuit (a bin) and the average 
number of cells/macros (Basic Logic Blocks, B) inside 
the bin. t is the average number of terminals per 
cell/macro, p is the Rent Exponent and their relationship 
is given by: 

pBtT ⋅= ,    (4) 
There are wire length estimations based on Rent’s rule 
[15]. But here by flattening a general form of the MW²P-
Bus to a modified Manhattan grid, as depicted in Figure 
(5), the MW²P-Bus wire-length can be approximated as a 

function of node count of the grid. Knowing that every 
node at least must be connected to one edge, because of 
the lattice connectivity, MW²P-Bus wire length is a func-
tion of SWN  (see Equation (3)).  
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Figure 5. Mapping General MW²P-Bus to a Manhattan 
Grid a) 3-D schematic b) Flattened form of the bus mapped 
to the grid.  

On the other hand, every segment in MW²P-Bus has a 
distinct bit-width which multiplies the number of its 
wires. Accordingly wire length for a MW²P-Bus bus is as 
in Equation (5). 

),( MWFLB

r
=     (5) 

where W
r

is the array of word length of bus segments as 
in Equation (6). 
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In general, ),( MWF
r

 in Equation (5) is not only a 

nonlinear function of W
r

 and M but is also a function of 
floor planning/routing algorithm as well as target tech-
nology. In first step, based on series theory, applying to 
Figure (5-b) number of grid segments which are covered 
by mapping the bus to a Manhattan grid is as in Equation 
(7). 

6
478 23 −++

=
MMMNGS    (7) 

where GSN  is the number of grid segment which bus is 
covered. Then, assuming a feasible place and route of the 
FUs, Equation (7) offers an upper limit for wire-length of 
the MW²P-Bus ( wNL GSB ⋅≤ ). Since the complexity of 
this function affects the optimization performance, in this 
work a linear form of the equation is applied as in Equa-
tion (8). 

wMMMALB ⋅
−++

⋅≈
6

478 23

   (8) 

where A represents an empirical constant coefficient and 
w  is the average word-length of the bus segments. Ap-
parently, this model provides a linear relationship with 
average WL and a polynomial (third degree) nonlinear 



relationship with the number of MW²P-Bus segments 
(M). 

It should be noted that this expression represents the av-
erage wire length for the MW²P-Bus ( BBB NLL /= ) but 
not the interconnection cost, which should be specified in 
a hierarchically partitioned circuit placement optimiza-
tion. While this is an entirely plausible model, we utilize 
it within the context of the given modelling problem. 

4.1.1. Interconnections Area Cost Model 
Since the general structure of the shared bus is similar to 
single bus, which its area is not dependent on the splitting 
points, thus the bus area is a function of its length. How-
ever in the case of MW²P-Bus it is more complicated, to 
make the problem tangible, here the area of the MW²P-
Bus is considered linearly related to its wire-length, BL . 

4.1.2. Interconnections Power Cost Model 
In a static communication structure using data buses with 
fixed length interconnection between modules, assuming 
that the receiver gate for each module is at its minimum 
size and its input capacitance is gC  and the output ca-
pacitance of the driver for each FU is oC , capacitance of 

the thk  bus segment ( BkC ) is calculated (similar to [11]) 
in Equation (9). Since we assumed that all the functional 
units are connected to the bus by tri-state input/output 
buffers, then their capacitance load from bus viewpoint is 
similar.  
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where BkL  is the physical length of the thk  bus, uC  de-
notes the capacitance per unit length of the bus wires, cC  
denotes the coupling capacitance per unit length of the 
bus due to the parallel running bus wires as well as other 
nearby wires on adjacent metal layers, kN  is the number 

of FUs connected to the thk  bus and kw is their WL. 
These parameters are abstracted in kC ,1  and kC ,1  for sim-
plicity.  
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Figure 6. MW²P-Bus provides a dynamic connection path. 

In contrast, by revising the data communication structure 
which is proposed here, in this method datapath has dy-

namic data communication architecture in that there are 
not fixed wired connections between FUs during their 
operation, as depicted in Figure (6). Thus, unlike Equa-
tion (10) the characteristics of the interconnection change 
dynamically during datapath operation. Basically, these 
characteristics are dependent to the source and destination 
nodes and the available path(s) in the MW²P-Bus for 
connection at that time. In general these parameters are 
function of datapath HLS parameters such as scheduling, 
binding and allocation as well as MW²P-Bus. Each con-
nection path is made of bus segments in the selected path 
from source to destination. Accordingly, the thi path ca-
pacitance ( ipathC , ) can be calculated by adding up its bus 
segments as in Equation (10). 
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where BkC  is the capacitance of the thk  bus segment in 

the thi  path. By employing the proposed method and 
Equations (9) and (10), the average energy consumption 
of the MW²P-Bus per clock cycle ( BE ) is calculated as in 
Equation (11). 
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where swα  is the average switching activity, pN  is the 
number of paths, ddV  is the power supply voltage. In this 
study, this power consumption is related to the length of 
bus segments as well as their width (WL). 

4.2. Datapath Costs 
The datapath here refers to the FUs without the MW²P-
Bus. Since the interconnection costs of the MW²P-Bus 
are considered in previous subsections, its cost models 
are only related to FUs counts and their cost relationship 
with WL as explained in the following subsections. 

4.2.1. Datapath Delay Cost Model  
The execution delay of the design is evaluated from the 
number of C-steps in the schedule. Basically, the delay is 
a nonlinear function of parameters such as: the types of 
available FUs in the synthesizer library; FU grouping; 
and the WL assigned to each group. From these, an 
evaluation function is implemented in the optimizer 
which estimates the delay value for each produced design 
(genome) in the GA, using a Resource Constrained (RC) 
List Scheduling algorithm [7]. The basic delay for regis-
ters, bus switches and combinational FUs is considered to 
be one clock cycle, whereas the delay for a sequential FU 
(a Booth multiplier, for instance) is dependent on the WL 
of the FU. In the case of the Booth multiplier, which is 



one of the FUs considered, the latency is linearly depend-
ent on WL. 

4.2.2. Datapath Area Cost Model 
The design area and its dependency on the WL of the FUs 
is estimated for all the FUs, cells and glue logic and is 
approximately linear with respect to WL, except for com-
binational multipliers which exhibit a second order de-
pendency [1] [2]. In addition, the impact of bus partition-
ing on the area can be approximated by the bus switch 
area, and thus the area cost function can be derived as 
Equation (12), 

)()()( XAXAAXF BSFUCDA

rrr
++= , (12) 

where )(XFDA

r
 is the total datapath area cost, CA  is the 

controller area, )(XAFU

r
 is the FU area and )(XABS

r
 is 

the bus switch area.  

4.2.3. Datapath Energy Cost Model 
To evaluate the system power consumption, a model is 
required that includes dynamic and static power con-
sumption for all the sub-blocks, interconnections, I/Os, 
drivers and controllers. This is based on the MW²P-Bus, 
which is closely related to the WL of the functional units 
and the number of wires. Consequently, bus switches 
must again be included in addition to the other cells and 
FUs in the datapath. Equation (13) gives the model. 
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DPF  is the average power consumption of the system, kP  

is the average power per bit of the thk  FU or bus switch, 
kw  is the WL assigned to the group which contains the 
thk  FU or the bus which is connected to the thk  bus 

switch, kt  is the activation period of the thk  FU or bus 
switch, kλ  is the leakage power factor, T is the total sys-
tem operation time, FN  is the number of FUs and swN is 
the number of bus switches. This equation has been veri-
fied by simulation in the Synopsys PrimePower envi-
ronment [1] [2]. 

4.3. Digital Noise Cost Model 
In practice, digital signal processing systems can only 
offer a finite number of binary digits to represent the sig-
nals to be processed. From a mathematical point of view, 
using a limited number of bits to represent a real number 
always means adding or removing indeterminate informa-
tion at the input, which is usually considered as an error 
or noise. To model this problem, two steps are needed: 
the first is a noise model for computational errors and the 
second is a model of noise propagation. Based on these 
facts and LTI  properties, which is applicable to many of 
the systems, we adopted the proposed digital noise mod-
els in [1] [2] and [5]. This model is simplified in Equation 
(14). 
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where NF  is the average digital noise power in the out-
put, ka  is a constant factor which is related to the system 
DFG, kW  is the WL which is assigned to the group of the 

thk  FU and FN  is the number of FUs [1]. 

5. Minimization Algorithm 
The implemented system design method starts from a 
hierarchical specification of the target system and is 
based on three parts: the functional unit data base; the 
target architecture; and the synthesizer-optimizer; Figure 
(7) shows the design flow graph for the implemented tool 
in C++. The target architecture restricts the synthesizer to 
map every design to a pre-defined structure. This restric-
tion reduces size of the feasible space and optimizing 
search dramatically. On the other hand, it provides 
enough flexibility for a variety of different designs to be 
mapped to. The functional block database is a library of 
functions and sub-systems which provides the implemen-
tation information and required details for the design 
optimizer cost functions including: area, accuracy, delay 
and power consumption parameters. ICD2VHD is a tool 
which translates the intermediate codes resulted from 
synthesizer  in the form of a set of synthesizable RTL-
VHDL files [2]. 

 
Figure 7. Design flow graph in the HLS methodology. 

The implemented synthesizer tool employs an Elite-
preserving, Vector Evaluated GA (VEGA) optimization 
algorithm [8]. The genetic operators are extracted from a 
standard GA procedure which includes selection by rou-
lette wheel, crossovers and mutation [10] for integer ge-
nomes with variable length. The resultant genes represent 
the number of the MW²P-Bus segments (M in Figure (3)), 
FU binding, the bus bit-width in each segment and the 
number of each kind of FU connected to each bus seg-
ment, as shown in Figure (8).  

In Figure (8) the general format of the genes is depicted. 
Every gene has sections which are (from left to right in 
Figure (8)): DFG assignment to the bus segments; num-
ber of the bus segments (M in Figure (3); number of FU0 
(multipliers) connected to each segment; number of FU1 
(ALUs) connected to each segment and so on for other 



FU types and the last section is the WL of each bus seg-
ment. Clearly values in this genome are integers and the 
gene length is variable as are the minimum and maximum 
numbers of the FUs. It must be noted that the genes 
length in Figure (8) might be different for individuals in 
every generation, (gene-length = BDFG NN 31++  where 

DFGN  is number of nodes in the DFG and M  is number 
of the bus segments).  
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Figure 7. Genomes structure in the applied GA 

After assignment of the nodes of the DFG to bus seg-
ments by genes, RC allocation and scheduling [7] is ap-
plied to the resources. After scheduling and allocation, 
the optimizer trims the MW²P-Bus to achieve the mini-
mum number of bus segments and bus switches and then 
evaluates each individual’s fitness. Population size, num-
ber of iterations, percentage of crossover and mutation 
and their probabilities are chosen to achieve the optimal 
points in the shortest time. Listing (1) gives the algo-
rithm. In this listing, ASAP stands for the As Soon As 
Possible schedule [7]. 

Listing 1. The synthesizer algorithm 
INPUT: Data Flow Graph 
OUTPUT: Synthesizable RTL-VHDL 
Objectives: Minimizing the area, power consumption   
                   and delay and maximizing the accuracy  
BEGIN 

Initialization  
Do ASAP(DFG) 
Find the maximum required FUs for each type  
Find the maximum number of the bus segments 
Make priority list  
Find the Bound solutions for each cost 
First Generation  
FOR N-iterations  

FOR all the population 
   Find Area() 
   Find Static Energy Consumption  
   Do list scheduling 
   Find the C-Steps for MW²P-Bus Bus data transfers 
   MW²P-Bus pruning 
   Find Delay()  
   Evaluate Dynamic Energy Consumption  
   Evaluate Digital Noise in the output  
   Find Power() 

   IF ( iC ) then change iK    

   Find the overall combination cost  
END FOR 
Produce the next generation 

END FOR  
END 

 

Path allocation algorithm for inter-group data exchange, 
in its general form, is a routing problem or dynamic 
shortest path problem. To simplify and make it practical 
for fitness evaluation algorithm, we restate the problem as 

follow: Finding the closest path between to nodes when 
the most left-handed sided node in Figure (5) has the 
highest priority and priority decreases from left to right. 
If a node requires an inter-group data transfer and it has 
priority, algorithm allocates the path to it. In the case that 
no path is available, this data transfer will be postponed 
one clock cycle to new paths be available. However this 
method is not the optimum but it is practical. Another 
issue which might be considered during optimization is 
possibility of trading of MW²P-Bus arcs with latency. It 
is reasonable to restrict MW²P-Bus segments to reduce 
the costs but losing speed.  

In the algorithm of Listing (1), the weight coefficients of 
the combined cost function are adaptively checked in the 
case of user restricted optimization (indicated as the IF 
instruction) to keep the restricted costs in the range de-
fined by the user. It means that if a cost falls out of the 
restricted zone, the algorithm will change the correspond-
ing weight factor for the combinational cost evaluation to 
drag it back into range. 

6. Results 
A number of case studies have been implemented in ST 
1.2µm technology using this method. 8-point Digital Co-
sine Transform (DCT) as Design I, 5-order Elliptic Filter 
as Design II, and an RGB to YCbCr converter as Design 
III, are used to illustrate this method of datapath optimi-
zation in comparison with other implementation tech-
niques. 
Table (1) provides the evaluation results of design op-
timizations. In this table, four different binding cases are 
assumed (with 2, 3, 4 and 5 Add/Subtract and Multiplier 
FUs) for each benchmark. At first, every design is im-
plemented with the assumption of a fixed and uniform 
WL (W=16) for all its FUs and then their design costs 
(area, power consumption, delay and variance of digital 
noise) are calculated as the reference values for optimiza-
tions. 
In the second step, a general WL optimization method, as 
introduced in [2], is applied for each design. Clearly, re-
sults of this WL-optimized synthesis suggest reduction in 
the costs. As is obtainable from the table, the computa-
tional accuracy is most often traded with improvements 
in other costs. Albeit, as discussed in [2] improvements 
are possible without losing accuracy. 
In the third step, the proposed method (MW²P-BUS) is 
used to synthesis the benchmarks. Table (2) presents the 
MW²P-BUS bus partitioning and FU grouping results 
with their WLs for each bus segment. In comparison with 
the ordinary WL optimization, MW²P-BUS trades aver-
age bus width with bus switches. In other word, MW²P-
BUS uses bus switches to reduce the average wire length 
in the final implementation of the systems. Since wire 
costs are not included in the cost evaluation procedure, 
having sub-optimal results in area and power consump-
tion are expected, as confirmed by results in Table (1).  
On the other hand, even disregarding to wire cost effects 
in the final design evaluation; the simulation results show 
that there is a considerable improvement in system la-



tency (25% to 73%) because of the MW²P-BUS method, 
which is a valuable achievement. According to Table (1), 
MW²P-BUS is more effective in the case of  more com-
plicated designs (in terms of the number of FUs and de-
sign complexity), which means that by increasing the 

number of FUs in binding or complexity of the imple-
mented benchmark, the effect of bus switch costs reduce 
the overall cost value. Table (2) also supports this hy-
pothesis in which a bigger number of FUs results in parti-
tioned buses with different WLs as an optimal point. 

 

Table 1.  Optimization results for different number of FUs 
  Binding I Binding II  
  2* , 2+ 3* , 3+  
 Costs NP1,W=16 NP, optimized2 Optimized3 NP,W=16 NP, optimized Optimized   

Area 16608 14532 29490 24912 21798 38258  
Delay 185 169 136 148 136 66  
Noise 1.14E-7 4.57E-7 1.14E-7 1.14E-7 4.57E-7 1.18e-7  

Design I 

Energy 18829.4 14652.3 28452.8 19078   14858.1 29815.9  
Area 16608 14532 29490 24912 21798 61635  
Delay 115 107 74 107 101 63  
Noise 7.95E-8 3.18E-7 7.95E-8 7.95E-8 3.18E-7 7.95E-8  

Design II 

Energy 9102.68 7161.25 16518.6 9408.44 7422.91 31655.4  
Area 16608 14532 29490 24912 21798 37275  
Delay 88 80 66 71 65 27  
Noise 6.71E-8 2.68E-7 6.71E-8 6.71E-8 2.68E-7 6.71E-8  

Design III 

Energy 9924.84 7664.48 12396 10049.2 7767.38 12071.6  

Table 1. Continued. 
  Binding III Binding IV  
  4* , 4+ 5* , 5+  
 Costs NP,W=16 NP, optimized Optimized  NP,W=16 NP, optimized Optimized   

Area 33216 29064 70775 41520 36330 99556  
Delay 138 130 46 132 124 35  
Noise 1.14E-7 4.57E-7 1.19E-7 1.14E-7 4.57E-7 1.14E-7  

Design I 

Energy 19440.9 15187.4 49912.6 19803.8 15481.4 66795.3  
Area 33216 11774 91771 41520 16282 143551  
Delay 101 97 60 101 90 59  
Noise 7.95E-8 3.18E-7 7.20E-8 7.95E-8 3.18E-7 7.39E-8  

Design II 

Energy 9875.48 7007.39 45546.4 10278.7 7149.49 72306.8  
Area 33216 29064 69420 41520 20790 101095  
Delay 59 55 20 59 52 19  
Noise 6.71E-8 2.68E-7 6.71E-8 6.71E-8 2.68E-7 6.15E-8  

Design III 

Energy 10126.4 7840.88 18265.5 10324.7 7652.72 24515.4  

Table 2. Design configurations after optimization 
  Binding I Binding II Binding III Binding IV 
 Group W * + W * + W * + W * + 

1 15 1 1 15 2 2 15 2 2 15 2 2 
2 15 1 1 16 1 1 15 1 1 15 1 1 
3 --- --- --- --- --- --- 16 1 1 16 1 1 

Design I  

4 --- --- --- --- --- --- --- --- --- 15 1 1 
1 15 1 1 15 1 1 15 1 1 15 1 1 
2 15 1 1 15 1 1 16 1 1 15 1 1 
3 --- --- --- 15 1 1 15 1 1 15 1 1 
4 --- --- --- --- --- --- 15 1 1 15 1 1 

Design II  

5 --- --- --- --- --- --- --- --- --- 17 1 1 
1 --- --- --- 15 2 2 15 2 2 15 2 2 
2 --- --- --- 15 1 1 15 1 1 16 1 1 
3 --- --- --- --- --- --- 15 1 1 16 1 1 

Design III 

4 --- --- --- --- --- --- --- --- --- 15 1 1 

                                                 
1 NP stands for Non Bus Partitioned 
2 Optimized with different WL for each FU  
3 Bus partitioned and WL optimized, groups binding and WLs are explained in Table 2 



Figures (9) to (11) graphically show the cost improve-
ments for Design I in Table (1). In Figure (9), the area 
costs increase with the number of resources and the 
MW²P-BUS based design consumes more area than the 
ordinary WL optimized design but is better than the uni-
form-W design. The same situation appears in Figure 
(10), which suggests that energy consumption for MW²P-
BUS is more than for the ordinary WL-optimized design 
but less than for the uniform-W design. The greatest ad-
vantage of this method in comparison with the others is 
shown in Figure (11) where delay time is improved by 
the MW²P-BUS method. 
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7. Conclusions 
This paper presents a method for datapath synthesis based 
on a MW²P-BUS, which uses models of power consump-

tion, circuit area delay and output noise and their rela-
tionship with the FU grouping, binding, allocation and 
WL. Examination of the results demonstrates a consider-
able improvement in design latency cost when this struc-
ture is employed for synthesis and optimization instead of 
a general WL optimization method however it costs more 
design area and power consumption. In future work, an 
improved model for area and power cost of the intercon-
nections will be addressed and their effects on optimiza-
tion results will be examined.  
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