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Abstract 
This paper presents an area optimization method for large and highly customized bit-parallel data paths. 
Area optimization of the data paths is achieved by identifying and removing redundancies. The method 
uses reduction tables to achieve an efficient transformation of multi-output gates during redundancy 
removal. It can handle both stuck-at and duplicate nets. Stuck-at redundancies are identified using a 
novel approach in test pattern generation. Duplicate nets are identified by constructing the ROBDDs 
of the corresponding net functions. The method takes also into account interaction through exchange of 
information between high level synthesis and data path synthesis. 

Experiments done on industrial examples show that area optimization performed with the method 
achieves results comparable to those obtained with logic synthesis, but the run times are reduced by at 
least one order of magnitude. 

1 INTRODUCTION 

To satisfy the tight throughput constraints of real-time digital signal and image processing applica
tions, the silicon compiler CATHEDRAL-2/3 (Lanneer,l99l](Note,l991] maps algorithms onto a set of 
customized, lowly multiplexed and cooperating data paths. These data paths go through a number of 
optimization steps in order to fulfill the area and timing requirements. Among these steps redundancy 
identification and removal is performed for area optimization. 

The task of redundancy identification and removal in CATHEDRAL-2/3 is viewed both as a quality 
and a complexity problem. Due to the area and timing requirements of the application domain, the 
quality of the data paths is important. The best possible implementation of a custom data path is 
achieved by composing hierarchically a set of RT-operators (Katsadas,l992], such as adders, subtractors, 
comparators, multipliers, multiplexers and shifters, retrieved from a generic library of module generators. 
These operators are carefully designed, hence they do not contain any redundant hardware, and also 
guaranty an optimal mapping of their function onto a given standard cell library. However, the hierarchical 
composition of these operators, combined to data path customization, may introduce redundancies in 
originally redundancy-free regions. The presence of redundancies impacts negatively the area and makes 
the implementation of the data paths sub-optimal. The presence of redundancies also deteriorates the 
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testability of data paths, i.e. makes them difficult to test. The bad testability raises the need to introduce 
extra hardware to make the data path testable, and consequently impacts negatively the area even more. 
Therefore it is important to identify and remove such redundancies. 

As for the complexity problem, because of the application domain characteristics, the hierarchical com
position of the RT-operators produces large data paths which have important logical depths. The previous 
cited characteristics concur to make area optimization techniques like logic synthesis not well adapted 
to perform its task on bit-parallel custom data paths. Experimental results obtained with industrial 
examples confirm these ideas. 

In this paper we present an alternative area optimization method for bit-parallel custom data paths. 
The method allows to handle large bit-parallel custom data paths, which can contain more than one 
hundred operators, within practical run times, and produces good results by taking into account the 
characteristics of the application domain and of the data paths. Area optimization is achieved through 
the identification of redundancies and their removal. Redundancy identification is performed using test 
pattern generation algorithms. The removal of a redundancy is directly performed on the data structures 
of the data path netlist, in a hierarchical manner. Areas not concerned by the redundancy are not moci;fied, 
hence no remapping is required. Once identified, a redundancy is removed and the effect of its removal 
is propagated using rules stored in a reduction table [Vandeweerd,l989]. Each gate in the hierarchical 
structure has a reduction table which specifies how the gate must be transformed. The combination of 
reduction tables and hierarchy allows us to perform redundancy removal on combinational as well as 
sequential circuits described at the gate level or at the macro block level, or a mixture of both levels. 
Experiments realized with a tool based on this method demonstrate the viability of the idea. 

This paper is divided into three sections. First, we introduce a set of selected examples, taken from 
real-life applications of audio and video digital signal processing, to give an idea of the kind of data 
paths we are dealing with. Next, we introduce our method based on the idea of identifying and removing 
redundancies using reduction tables. Finally, we present experimental results obtained by our method 
and how they compare to those obtained with logic synthesis. 

2 EXAMPLES IMPLEMENTATION 

2.1 Data path generation 

A CATHEDRAL-2/3 architecture consists of data paths whose composition is tailored toward the algo
rithm of the application at hand. The data paths are synthesized through a number of steps [Note,1991], 
starting from the signal flow graph (SFG) of the algorithm: 

1. During operation clustering, atomic operations of the signal flow graph are grouped into clusters. 
2. In the data path assignment step, the clusters are assigned to dedicated data paths in such a way that 

the total area is minimized under the constraint of a given global cycle budget and 1/0 constraints. 
3. In the data path definition step, the internal composition of each data path is constructed so that it 

can execute all clusters assigned to it. 

These steps have the goal of optimizing data path area by sharing as much as possible the available 
hardware and without violating the timing constraint. This resource sharing is done at the RT-level, since 
the atomic operations in the SFG are RT-operations. During the data path definition step, atomic SFG 
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Table 1 Example parameters 

Example Data path Gates Area Delay Clock rate 

RGB-YUV codec dp-0 6622 17.235 117 27 
Clipper 495 1.343 44 27 

Cordie processor dp-0 432 1.119 63 16 

Mobile terminal TX 3086 8.272 54 6.9 
RX 2318 7.041 152 8.6 

Reed-Solomon decoder BM 5943 9.902 79 10 

operations get assigned to operators. These operators are retrieved from a generic library of high quality 

module generators described manually by designers well versed in the design of arithmetic blocks. Manual 

design of the operators allows, among other advantages, an efficient use of multi-output gates such as full 

adders and half adders. This type of gates represents in general a large share of the gates used in a data 

path. Therefore it is important to use them if they are provided in a standard cell library. In summary, 

the operators implement their operations efficiently, guaranty an optimal mapping of their function onto 

a given standard cell library and contain no redundancies. The resource sharing performed at the RT

Ievel, in addition to the high quality of the operators motivated the idea to preserve the connectivity 

structure of the data paths during area optimization, and to operate only on those regions concerned 

by the redundancies. Another reason to preserve the original connectivity structure is that some high 

level tools rely on information derived during the high level synthesis step to perform their task. This 

information is often presented in the form of relationships between signals in the SFG of the algorithm 

and nets in the structure of the data path. So, if the structure of the data path is in some way altered 

then the information provided by the high level synthesis step becomes irrelevant. An example of such a 

tool is the SFG Tracing method for formal verification [Claesen,1991], which traces SFG reference signals 

back to the netlist of the implementation to formally prove that the latter corresponds to the initial 

specifications. 

2.2 Examples from the application domain 

In order to assess of the potential of our method, we selected a set of four industrial examples representing 

a wide range of complexities that CATHEDRAL-2/3 can synthesize. The applications were selected from 

the audio and video DSP application domains. The examples are listed in Table 1. The area is given in 

mm2, the delay in ns and the clock rate in Mhz. 
From the four examples we selected six data paths: 

• The RGB to YUV codec digitally converts a 24 bit RGB video signal at a rate of 27 MHz to black

and-white images at 13.5 MHz, and samples down the color information 2-fold to a rate of 6.75 MHz. 

A separate data path, the clipper (Figure 7), takes care of the clipping. The chip can also execute the 

opposite interpolation operation to reconstruct the original RGB signal. The system clock is 27 MHz. 
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e The Cordie algorithm is a wide-spread iterative approximation algorithm for the trigonometric func
tions. The Cordie data path allows to execute one Cordie iteration in one dock cycle. For application 
in a digital FM-demodulator, the dock rate is 16 MHz. 

e TX and RX are the matched FIR filters in the transmitter, resp. receiver, of a 6.8 kbit/s CDMA satellite 
mobile terminal [Philips,1993], using a 251)..bit spreading code length. Both 8-fold oversampling filters 
have 32 taps and operate at a sample rate of 6.936 MHz. The TX has a system dock of 6.936 MHz, 
and RX has a system dock of 8.67 MHz. 

e The Berlekamp-Massey algorithm is the most complex part of a 80 Mb/s Reed-Solomon decoder. It 
iteratively computes from a syndrome the error locator polynomial, of which the roots indicate the 
error positions. This data path also supports premultiplication for code shortening, and a polynomial 
multiplication to compute the error values. It operates in the 8-bit Galois field GF(256) at a symbol 
rate of 10 MHz using a system dock of 10 MHz. 

2.3 Implementation of the RGB-YUV codec 

uv 

G 

Figure 1 RGB-YUV coder and decoder. 

In a first phase, the multi-rate YUV-RGB algorithmic description has been expanded to a single-rate 
description. The resulting description went through a number of transformation and synthesis steps 
which produced a processor with a data path that executes the conversion at a dock rate of 27 MHz. The 
single-rate coder and decoder architectures are shown in Figure 1. All multiplications were expanded to 
add-and-shift operations before data path definition was performed. 

An implementation of the architecture of Figure 1. produced a data path of 136 operators. It contains 
6468 gates, occupies 17.23 mm2 and has a clock period of 117 ns (the data path needs to be pipelined). 
The core of the data path, i.e. the data path without the register files implementing the delay lines, 
has an area of 7.2 mm2 and contains 2672 gates, of whom 759 are full adders and 1569 are EXOR and 
multiplexer gates. Full adders, EXOR and multiplexer gates alone occupy 92.4% of the area of the data 
path core. 

To perform area optimization on the data path, logic synthesis techniques were tried first. We used 
SIS1.1 [Brayton,1987] to achieve that. After 33 hours of CPU time, SIS produced a structure netlist which 
has 18.13 mm 2 of total area and has a delay of 229 ns. We note an increase in area and delay which goes 
contrary to our expectations. We also note the large run time. 

The explanation of these negative results resides in the composition of the structure netlist. The 
synthesized structure contains 12164 gates among which there is no full adder. This means that the 759 
full adders present in the original structure were transformed to a set of smaller gates, with a corresponding 
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increase in area and delay. Moreover, all EXOR and multiplexer gates that were in the original structure 
were replaced in the synthesized one, inducing also an extra increase in area and delay. Finally, another 
increase in area and delay should be observed after placement and routing due to the larger routing area 
caused by the important increase in the number of gates (more than two times). The total increase in 
area and delay makes obvious the need of an alternative method of performing area optimization. This 
other method must be able to accommodate all the previous observations concerning area, delay and run 
time. 

3 TABLE DRIVEN REDUNDANCY REMOVAL 

3.1 Redundancies in a data path 
A S A B A B A B 

~ 

--· .. 
Figure 2 Sources of redundancies in a data path. 

In a customized bit-parallel data path, composed out of RT-operators retrieved from a generic library of 
module generators, redundancies are caused by (Figure 2): 

e hardwired constants: If the application algorithm uses constant values as operands during its execution, 
then these constant values are mapped onto the data path architecture as hardwired constants. The 
presence of a hardwired constant induces the presence of stuck-at inputs. 

e bus alignment: operations executed on a bit-parallel data path are bit true operations. Sometimes, 
a bit-true operation needs a casting operation to produce the correct result. The casting is done by 
a bus alignment which may create duplicate bit-values. An example is a sign extension needed by a 
two's complement operation. 
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• reconvergence: the hierarchical composition of the operators may create a reconvergence. Since path 

reconvergence is a necessary condition for the presence of stuck-at nets, it is possible that redundancies 

are introduced in regions previously non-redundant. 
e unexploited functionality: operators are generated by module generators. A module generator can 

provide operator instance with various functionalities. Sometimes, not all functionalities are needed, 

or the full precision of an operator is not used, hence hardware may be generated but is not exploited. In 

such cases "dead" hardware is created (vs. dead code in software compilers). For instance, a comparator 

can be built out of a subtractor which produces the necessary comparison flag but has its result 

disregarded. 

The above cited causes create three types of redundancies in a data path: 

·~ :=rr--~ 

• 0 

Figure 3 Removing stuck-at nets. 

• stuck-at nets: a stuck-at net can be replaced by its stuck-at value without changing the function 

performed by the data path. If such a redundancy is identified, it is removed by performing a" constant 

propagation" ( vs. constant propagation in software compilers) on its fanout and dead hardware removal 

on its fanin (Figure 3). 

Figure 4 Removing duplicate nets. 

e duplicate nets: two or more nets which have the same Boolean representation for all input combinations 

are called duplicate nets. In general, the presence of duplicate nets means that only one net is necessary 



Area optimiUUion of bit-parallel custom data paths 145 

to produce, while the others can be simply removed. For that, it is necessary to select the net to keep, 
and the ones to remove. A greedy selection is adopted. The net that needs the least hardware to 
produce is kept, while the other net or nets are removed. An example of such a case is shown in 
Figure 4. The net which has cost 2 is distributed to the required fanins, while the one of total cost 3 
is removed. 

e dead hardware: it is the hardware that is not necessary to produce the required functionality. This 
kind of redundancy does not need an identification phase, and is easy to remove. 

3.2 Redundancy identification 

We have two types of redundancies to identify: stuck-at nets and duplicate nets. There exists a number of 
methods of identifying stuck-at redundancies. Most of these methods are based on automatic test pattern 
generation algorithms. An ATPG algorithm finds a stuck-at redundant fault by failing to generate a 
test. An important factor of performance in test pattern generation is the number of decisions in the 
search space. The more decisions are made in order to find a test the larger is the search space. ATPG is 
performed employing an algorithm which reduces the number of decisions [Sahraoui,l993]. Unlike classical 
test generation methods which perform their search on a netlist of gates, this algorithm works at a higher 
level. The gates of the circuit to test are partitioned into clusters. The search performed at the cluster level 
becomes a progressive translation of a set of value assignments to another set of value assignments that 
steps over cluster boundaries. To be able to step over cluster boundaries sensitization and propagation 
conditions are employed. Sensitization and propagation conditions play the same role as respectively the 
Boolean function associated to a gate and the non-controlling values of the gate inputs. The identification 
of duplicate nets necessitate the computation of the associated Boolean functions. An effective way of 
representing Boolean functions is reduced and ordered binary decision diagrams (OBDDs). Two nets can 
be proven to be duplicate if they have the same OBDD representation. 

3.3 Reduction tables 

After its identification, a redundancy is removed by performing a constant propagation on its fanout 
and dead hardware removal on its fanin. These two procedures obey rules that can be specified for each 
type of gate. We associate with each type of gate a set of propagation and removal rules grouped in a 
table called reduction table [Vandeweerd,l989]. The reduction table of a gate (Figure 5) specifies how the 
behavior of that gate changes if its inputs are stuck-at and/or if one of its outputs is not used. In this 
case, the gate is replaced by another gate which performs the same function but with a cheaper area 
and/or delay cost. In that circumstance the gate is said to have been reduced. A reduction table contains 
a set of entries corresponding to all possible combinations of gate inputs and gate outputs. A reduction 
table entry is a rule which has two fields (Figure 5). The first field, the IF part of the rule, specifies the 
input combination. The second field, the THEN part of the rule, indicates the type of transformation. 

A gate input can have one of three values: "0" ," 1" or "x". The "0" or "1" value indicates that the 
corresponding input is stuck at that value. The "x" value indicates that the corresponding gate input 
has no fixed value. If the gate has n inputs then its corresponding reduction table can contain at most 
3n entries. In case the gate has more than one output, a reduction table entry can also specify what 
kind of transformation must be applied to the gate if one of its outputs is not used. Consequently, a 
gate output can also have two states, used or not used. the possible input and output combinations can 
produce 3n x 2m - 1 entries, where n and m are respectively the number of gate inputs and outputs. For 
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(setq and2 '( ( 
;;; inputs and outputs 
((ab)(z)) 
;;; inputs that are commutative 
((a b))) 
( 
( (0 0) (x) nil () ( (z 0) ) ) 
;;; IF a= 0 AND b = 0 

Part Five Structural OptinrWition 

;;; THEN the cell is removed and its output z is stuck-at 0 

( (0 1) (x) nil () ( (z 0) ) ) 
( (0 x) (x) nil () ( (z 0) ) ) 
((I I) (x) nil() ( (z I) ) ) 
((1 x) (x) nil () ((z b) ) ) 
) ) ) 

Figure 5 Reduction table of 2-input AND gate. 

each gate input/output combination there is a transformation to accomplish. Such a transformation is 
not aware of what happens to the gate. The transformation specifies how a gate is reduced, regardless of 
the function of this gate. The transformation establishes therefore a general relation between a gate and 
its replacement, valid under certain conditions. Therefore, reduction tables allow the transformation of 
all sorts of gates like e.g. ANDs, ORs, full adders and memory elements, and hence redundancy removal 
is possible on combinational as well as on sequential circuits. 

The generation of the reduction tables is automated by means of logic synthesis. After their generation, 
the reduction tables may be manually updated to accommodate gates that require special attention. These 
gates have in general complex functions, whom logic synthesis has difficulties in reducing. For example, 
a full adder with a stuck-at 0 input is best reduced to a half adder, a transformation logic synthesis is 
unable to perform. Manual updates can be kept to the minimum since there are only a few types of these 
special gates. The number of special gates is small, so the cost of a good efficiency in redundancy removal 
is not as high as one can fear. The automatic generation of the reduction tables, combined to adequate 
manual updates for a limited number of specific gates permits to reach a high level of efficiency during 
redundancy removal without paying off a high cost. 

The automatic generation of reduction tables is performed as follows (Figure 6): 

l. First, we generate all possible combinations of gate inputs and outputs. Each input can have a "0", 
"I" or "x" value. Each gate output, if there are more than one output, can have a "x" or "()", i.e. 
unused value. We exploit gate input commutativity to reduce the number of combinations and hence 
the number of entries (see figure). For that, the reduction table also contains a list of gate inputs that 
can commute. 

2. With each combination we associate a transformation to apply, i.e a replacement gate to determine, 
if there is one. The replacement gate is determined by its Boolean equation, which is derived from 
the Boolean equation of the original gate to which we apply the conditions set by the input/output 
combination. 
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function red_table_gen (gate, commutJist)) 
/*gate= (name, Boolean equation)*/ 
/* commutJist = list of commutative inputs * / 

begin 

end 

I* 
calculate all input/ output combinations 
taking into account the commutativity list 

*I 
combiJist = calculate..combiJist(gate, commutJist); 

while(combiJist !=EMPTY) 
begin 

end 

current_combination = first item of combination list; 
determine Boolean equation of replacement gate; 
generate structure netlist; 
reduction_table = add entry to reduction table; 

return reduction_table; 

Figure 6 Automatic generation of reduction tables. 
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3. In case the replacement gate is not a leaf cell, its structure netlist is synthesized from its Boolean 
equation. 

4. Finally, the corresponding table entry is constructed from the information obtained in the previous 
steps. 

3.4 Mixed style design and hierarchy 

Because of efficiency reasons, it is common practice to mix different layout generation styles to generate 
the layout of a chip. For instance, regular structures like register files, multipliers, ROMs and RAMs 
may be generated using procedural module generators, while less regular structures may be implemented 
using standard cells. This layout strategy imposes new constraints on redundancy removal. For instance, 
a situation can happen where the process of constant propagation pushes a stuck-at value to the input of 
a macro cell. In this case the propagation must stop since the internal structure of the macro cell cannot 
be altered, and therefore the input in question must be tied to power or ground depending on the stuck-at 
value. Due the preceding, redundancy removal, as it is implemented in our system, is able to deal with 
mixed style designs. 

In addition, since we consider user interactiveness important for subsequent use of the tool, and since an 
important means of dialogue between the user and the tool is hierarchy, the tool performs its redundancy 
removal task on hierarchical netlists. Hierarchy is a powerful means to understanding the complexity of 
a design, which permits the user to give in an easy way hints to the tool and to steer the optimization 
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Table 2 Experimental results-area optimization. 

Example Data redundancy removal logic synthesis 
path Gates Area Delay CPU Gates Area Delay CPU 

RGB-YUV dp-0 6468 16.481 117 332.3 12164 18.136 229 120628.7 
co dec Clipper 288 0.273 31 61.6 193 0.162 16 58 

Cordie dp-0 390 0.782 53 46.1 840 0.802 40 866.4 
processor 

Mobile TX 2800 7.402 46 159.6 3400 7.567 47 198.4 
terminal RX 2301 6.806 152 57.4 5549 7.491 179 14436.9 

Reed-Solomon BM 5825 8.575 79 801.1 9030 8.675 82 34262.8 
decoder 

process towards directions that the tool would be otherwise unable to find. That is also why the user 
is provided with the possibility to feed directly the redundancy removal procedure with information 
about redundant nets in the data paths at any hierarchical level, in addition to the information provided 
by the redundancy identification procedure. The user is left with full control on the whole process of 
identifying and removing redundancies if he/she desires that. In the contrary case, redundancy removal 
can be operated automatically. 

4 EXPERIMENTAL RESULTS 

The method presented in this paper has been implemented in C running under UNIX. The goal of the 
implementation was to build a fully operational tool, based on the previous ideas and able to handle large 
data paths in practical run times. 

We performed area optimization of the data paths presented in Section 2.2 with both SIS and our 
method. The results of these experiments are reported in Table 2. The area is given in mm2, the delay is 
in ns and the CPU time is given in seconds on a DEC-5000. 

Some interesting remarks can be made. First, two data paths had an increase of their area and delay 
after area optimization performed with SIS. One is the data path "dp-0" of the RGB-YUV codec, which 
has already been presented in Section 2.3. The second data path is the receiver of the mobile terminal 
example. We can also note for these two data paths very large SIS run times; several orders of magnitude 
larger than those achieved with our method. Area optimization performed with our method on the same 
two examples produced an improvement in area, gate count and no increase in the delay. The improvement 
in gate count over SIS is noteworthy. The area figures are those of the cell areas, hence we expect an 
even better improvement with our method after placement and routing because of the smaller routing 
area. We also note for the rest of the data paths, except the clipper of the RGB-YUV codec, comparable 
area and delay results after area optimization performed with SIS and our method. However, our method 
achieves much smaller run times, and for most data paths one order of magnitude smaller. However, 
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it can be noted that our method obtained a worse delay for the data path of the Cordie processor. 

This delay improvement achieved with SIS is nevertheless unnecessary since the data path fulfills the 

timing constraint of 10 Mhz. It is interesting to note that our method of performing area optimization 

cannot cause the delay to increase. It can only improve it or yield the same delay. This characteristic 

is important because area optimization is performed independently of delay optimization, and hence no 

negative impact on delays is feared if area optimization is performed with our method. 

function clipper () 

begin 

end 

input yxO, uxO, vxO; 
output yO, uO, vO; 

if (yxO < 16) 
then yO= 16; 
else if (yxO > 235) 

then yO = 235; 
else yO = yxO; 

if (uxO < 16) 
then uO = 16; 
else if ( uxO > 240) 

then uO = 240; 
else uO = uxO; 

if (vxO < 16) 
then vO = 16; 
else if (vxO > 240) 

then vO = 240; 
else vO = vxO; 

Figure 7 Behavioral description of the clipper. 

It can be noted that our method yields better area results for all examples except the clipper of 

the RG B-YUV codec. As shown in Figure 7, the clipper guarantees that the input is bounded within 

a given range. Its function hence is pure control. In addition, the presence of many constants in the 

description implies that the original structure was completely altered during the removal of hardwired 

constants (the big difference between the area of the original netlist and the optimized one supports this 

idea). However, we explained that one of the characteristics of our method is that it tries to preserve 

the original structure of the data path, something that is not possible with the clipper. Logic synthesis 

techniques are also particularly suited for problems where the structure to be generated is not known 

beforehand, which is the case for the clipper. The conjugation of the previous reasons led to the better 

results obtained with SIS. 
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5 CONCLUSION 

Experimental results obtained with industrial examples demonstrate that the objectives we set for our 
method were achieved. Area optimization of CATHEDRAL-2/3 data paths is performed without violating 
the timing constraints, and within practical run times. The amount of optimization is comparable to that 
obtained with logic synthesis, if not better, but with run times at least one order of magnitude smaller. 
The set of selected examples put forward the strength and the weakness of our method. Our method 
deals best with large data paths, but produces less good results with smaller, and control and constant 
dominated ones. 
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