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Abstract 
M o s t  existing behavioral synthesis  s y s t e m s  concen- 

trate  o n  area and performance opt imizat ion,  while ig- 
noring other  design qualities s u c h  as  testabili ty.  In 
this p a p e d ,  w e  presen t  three algorithms f o r  register, 
module ,  and interconnect ion allocation of behavioral 
synthesis  respectively t o  improve  testabili ty in da ta  
p a t h  allocation without  assuming a n y  specific t e s t  s- 
trategy. B y  using p r i m a r y  inpu t /ou tpu t  registers ef- 
fectively,  t h e  proposed algorithms produce RTL designs 
w i th  better testabili ty,  while i n c u r  bow or e v e n  n o  hard- 
ware overhead. F o u r  benchmarks are synthesized using 
the  proposed approaches and t h e  results are compared 
w i th  t h e  best results of s imilar  works  in t h e  literature. 
It shows t h a t  our  approaches give both higher fau l t  cou- 
erage and lower hardware overhead. 

1 Introduction 

Behavioral synthesis is a translation and optimiza- 
tion process to generate register-transfer-level(RTL) 
data path circuits and its controllers from a given ab- 
stract behavioral description of the system to be syn- 
thesized. Most of the researches on behavioral syn- 
thesis focus on area or performance optimization [l- 
51, while ignoring that testing is also an important 
issue during the VLSI design and fabrication process. 
Lack of testability consideration in the VLSI synthe- 
sis process would easily produce totally untestable cir- 
cuits. As a result, design-for-testability(DFT) circuits 
are usually added after the synthesis to make the syn- 
thesized circuits testable. However, adding the DFT 
circuits late in the design process would impose consid- 
erable hardware overheads and performance penalties. 
In the worst case, neither area nor delay constraints 
would be satisfied. 

Behavioral synthesis for testability can be rough- 
ly classified into two strategies. The first one as- 
sumes that s o m e  DFT structures,  such as scan de- 
sign, BIST, or test point insertion will be added on 
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the synthesized circuits. Mujumdar [7] proposed t- 
wo unit-binding methods to improve the testability of 
the synthesized circuit by reducing the number of self 
loops. Avra [8] and Papachristou [9] described sev- 
eral cost-guided allocation algorithms assuming that 
the BIST strategy is employed. Gebotys [6] proposed 
a VLSI synthesis system in which testability, silicon 
area and delay are used as the VLSI design criteria. 
However, the design quality measure of this system is 
pretty crude. 

The other strategy assumes that there is n o  t e s t  s- 
trategy at all. In other words, no DFT structures are 
to be added on the synthesized structures. Chen [12] 
proposed a testability enhancement method by mod- 
ifying the input HDL descriptions rather than modi- 
fying the circuit structures. Lee [lo, 111 presented a 
graph-based analysis algorithm for data path alloca- 
tion to produce testable data paths. They used heuris- 
tics to increase the controllability and observability of 
registers and reduce sequential depth between regis- 
ters. 

In this paper, we focus on the data p a t h  alloca- 
t i o n  task in the behavioral synthesis. Three algo- 
rithms which perform register, module, and intercon- 
nection allocation respectively for testability are pro- 
posed. The testability of the control part is not ad- 
dressed in this paper. The goal of the proposed data 
path allocation algorithms is to realize easily testable 
data paths, while keeping hardware overheads as low 
as possible. No specific test strategy is assumed in 
these algorithms. 

Four benchmarks are synthesized using the pro- 
posed approaches and the results are compared with 
the best synthesized results in the literature. The fi- 
nal design quality is measured in terms of the fault 
coverage of the data path, the CPU time taken by 
ATPG, and the number of test patterns. The mea- 
surements are obtained with a commercial ATPG tool 
under fixed conditions. 

2 Register Allocation 

Register allocation assigns the variables whose life- 
time span across the boundary of control steps to reg- 
isters. One register can hold the values of several vari- 
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ables as long as their lifetimes do not conflict. Further- 
more, the registers can be merged into a multiport reg- 
ister file where the number of accessed registers does 
not ekceed the number of access ports. 

2.1 ' Methodology 
I 

In ,our circuit model, external signals can only be 
transplitted into the circuit through the input vari- 
ables. In other words, input lines corresponding to 
the input variables are independently controllable n- 
odes in the circuit. Similarly, internal signals can only 
be transmitted out of the circuit through the output 
variables, and output lines corresponding to  the out- 
put variable are independently observable nodes. The 
input land output variables have their own correspond- 
ing pdimary input and primary output registers to  s- 
tore their values. 

The main objective of the synthesis for testability 
system for sequential machines is to improve the con- 
trollability and observability of registers. Thus, we 
must lassign as many intermediate variables as possi- 
ble tolthe primary input registers, which could be con- 
trolled by the primary input lines through the input 
multiplexer. Also we must assign as many intermedi- 
ate variables as possible to  the primary output regis- 
ters, which could be observed by the primary output 
lines.  that is, the lines associated with the variables 
allocated to primary input(primary output) registers 
are all easily controllable(observab1e). 

In information theory, the entropy(rand0mness of 

chann)el(circuit) [15]. The amount of entropy reduc- 
tion Bepends on the characteristics of the channel. 
This pleans that the controllability of a node depends 
on the structure of the circuit. Therefore, if we as- 
sign too many variables to the primary input registers, 
while lkeeping the same size of primary input/output 
lines passing through the multiplexer, the controllabil- 
ity at lthe output of the multiplexer will decrease. The 
same is true for the observability measure of primary 

Therefore, we should distribute non-primary input 
or no -primary output variables more evenly to those 

avoid assigning too many intermediate variables to one 
primaky input or one primary output register. Thus, 
we habe the first register allocation rule as following : 

Ruleil : Assign appropriate number of vari- 
ables to each primary input or primary out- 
?ut register. 

Wden the lifetime span of one register does not 
overldp with that of a second register, the two reg- 
isterslcan be merged into one register to  reduce the 
harddare cost. But the testability of the resultant cir- 
cuit cmld decrease. In order to make a path easily 
contr?llable, special values must be assigned to some 
registkrs in the path. Similarly, to make a path easi- 
ly obdervable, special values must also be assigned to  
those pame registers. As a consequence, easily control- 
lable and observablable paths may need some registers 

a sigdal decreases as the signal transmits throug h a 

outpqts. 

primary n input or primary output registers in order to 

to be set to two different values simultaneously. This 
situation can complicate the ATPG process and result 
in not being able to  achieve the target fault coverage. 
Thus, we derive the second rule for register allocation 

Rule 2 : Do not assign a primary input vari- 
able and a primary output variable to the 
same register, if possible. 

2.2 Allocation Algorithm 

The following pseudocode RALLOC() show the 
main routine of the register allocation algorithm. The 
maximum module density NOtk of operator type tk is 
the maximum number of module types required. It is 
calculated in lines 1-7, where OPtk denotes the num- 
ber of module types of tk. Then a list-based selection 
algorithm LIST-SELECT is applied to primary out- 
put variables. According to the priorities of the inter- 
mediate variables, the list-based selection algorithm 
assigns intermediate variables VM to the primary out- 
put registers which have been allocated to the primary 
output variables. This step increases the observabil- 
ity of the data path(1ine 8). The same list-based se- 
lection algorithm assigns the remaining intermediate 
variables to the primary input registers(1ine 
9) which intends to  increase the controllability of the 
data path. If there remain unallocated intermediate 
variables, we use the left edge algorithm[l6] to  al- 
locate them(1ines 10-11). 

RALLOC() 
1 
2 NOtk = 0; 
3 
4 num = N U M ( O P t k ,  C a t e p ) ;  

5 NOtk = M A X ( N O t k ,  num); 
6 endfor. 
7 endfor. 

forall operator type t k  do 

forall control step C,t, do 

8 
9 

( * r e g ,  Femain)  = L I S T S E L E C T ( V O ,  VM) 
( G r e g ,  Kemain) = LISTSELECT(G, Vremain) 

10 if(%emrin # { 1) _then 

12 else 

14 endif. 
15 return(!F,.,); 

11 *reg E * r e g  U * r e g  IJ RALLOCLspT(%emain); 

13 *reg  * r e g  U G r e g ;  

The reason we perform observability enhancement 
before controllability enhancement is that the number 
of primary output variables is usually less that of pri- 
mary input variables, and one functional module has 
one group of output nodes but has two groups of in- 
put nodes. Therefore, enhancing observability earlier 
tends to improve the testability more than doing later. 

The L I S T S E L E C T  first allocates primary in- 
put/output variables. Then for every partially allocat- 
ed primary input/output register, L I S T S E L E C T  
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general, it is harder to generate test sequency for cir- 
cuits with sequential loop than circuits with self loops. 
Therefore, as far as testability is concerned we pre- 
fer forming a self loop to forming a sequential loop. 
Furthermore, a self loop with a primary input/output 
register is not hard-to-test. 

We can then summarize the above two observations 
and derive the rule for module allocation. 

Rule 3 : If the register in a s If loop is a pri- 
mary input/output register, keep the self 
loop; otherwise, perform different alloca- 
tions to prevent the self loop. 

3.2 Allocation Algorithm 

The module allocation algorithm MALLOC() in the 
following allocates operators while taking into consid- 
erations the impact of self-loop on testability. For ev- 
ery operator in the first control step, it is allocated 
with a module of its type respectively(1ines 1-5). For 

wing control steps, it finds a 
hich is the set of modules of 
e been generated(1ines 6- 

For every module Mi in Ms,  we must check “Is t h e  
ou tpu t  variable of t h e  operator assigned t o  t h e  module 
Mi t h e  s a m e  as  one of t he  i n p u t  variables of t h e  oper- 
ator?’ or “Is there a n y  i n p u t  variable being allocated 
t o  t h e  p r i m a r y  i n p u t  o r  p r i m a r y  ou tpu t  register?’. If 
both conditions are satisfied, then the operator is al- 
located to  a first module in M,, although a self loop 
does form(1ines 12-15). Otherwise, the self loop is not 
generated. The above steps intend to implement Rule 
3 as stated before(1ines 16-19). 

If those two conditions fail and the number of mod- 
ules in Ms is greater than or equal to the number of the 
modules required within the control step, then the last 
member in MS is selected(1ines 21-22). Otherwise, a 
new module is generated and the operator is assigned 
to the new module(1ines 23-25). 

MALLOCO 

tries to assign more intermediate variables to it. A set 
of variables called the variable search se t  Vs is found, 
whose death time is closest to the birth time of the 
variable which has just been assigned to  the primary 
input/output register. If no such variable is found, 
then the primary input variables are forced to be the 
last candidates. Thus, Rule 2 is applied in this heuris- 
tic. Given a search set VS,  L I S T S E L E C T  selects 
one variable from the variable search set based on the 
lifetime span and the operator type which produces 
the variables. The shorter the lifetime interval, the 
higher the priority it has in the ready list. As for 
the operator type which produces the variable, the 
priority order of those operators is DIV > M U L  > 
SUB > ADD > C O M P A R E  > AND,OR.  Therefore, 
it uses two-level priority- the first level is the life- 
t i m e  span  and the second level is the operator type.  
Hence, we name the register allocation algorithm the 
list-based two-level priority allocation. This al- 
gorithm is similar to the ALAP scheduling proposed 
by Jain [4]. 

During the allocation process, the maximum mod- 
ule density NOtk is used to constrain the number of 
variables to be assigned to one particular input/output 
register, as stated in Rule 1. This heuristic tends to 
assi n more intermediate variables to the primary in- 
put$output register. 

3 Module Allocation 

Module allocation assigns modules to  all opera- 
tions. The most popular objective of module alloca- 
tion is to maximize sharing of the functional units in 
order to reduce the total hardware cost. Other ob- 
jective is to maximize the system performance. Our 
objective is to achieve m a x i m u m  sharing of t h e  func- 
t i ona l  units f o r  hardware reduct ion as  wel l  as  maxi-  
mum testabili ty s imultaneously .  In this paper, we as- 
sume only simple schedule and use a regular module 
library as in [lo]. 

3.1 Methodology 

When one input variable and one output variable of 
a module are assigned to the same register, a self loop 
forms. The data path with the self loop shows that the 
register must serve as input and output nodes of the 
module when deriving the test patterns by the ATPG 
tool. As stated before, it is rather difficult for a node 
to be both controllable and observable. Therefore, 
avoiding the generation of self loops is very important 
in order to synthesize easily testable data paths. 

However, it is not always necessary to prevent the 
generation of self loops during module allocation. In 
the case that register in a self loop is either a primary 
input or a primary output register, the controllabil- 
ity/observability of the node in the self loop is still 
rather high. The ATPG program will not have great 
difficulty to generate the test patterns. 

In module allocation phase, forming a self loop will 
reduce the possibility of forming a sequential loop. In 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

\, 

MI= { }; 
( u ; ~ , v ; ~ , O P , V ~ )  = GET-ENTITY(G,C,tep = 1 ) ;  
forall op 3 O P  do 

endfor. 
forall Cstep > 1 do 

(vi i ,  ~ 2 ,  OP, vo)  = G E T - E N  
forall op 3 O P  do 

M s  = M O D U L E S E T ( O P o p ) ;  
M; = N E X T ( M s ) ;  Not 
while M; # 0 and Notfound do 

if ((vi1 = V O ( M ; ) )  and 
( P I R E G ( v i 1 )  or PO_REG(v;l)))  
or 
( ( v ; ~  = V O ( M ; ) )  and 
( P I R E G ( v ; ~ )  or PO-REG( 
Mi += op; 
Notfound = false; 

else if ((vi1 = V O ( M i ) )  and 
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&& 
I 

20 
21 ~ or 

23 ~ 

24 M; = N E X T ( M s ) ;  

26 endwhile. 
27 
28 Mi-1 -+= OP; 

29 
30 ~ M; -op;  
31 1 endif. 
32 endfor. 
33 eydfor. 
34 reFurn(M1); 

(! P I R E G (  vi1 ) or !PO_REG( vi1 ))) 

( ( v i z  = V O ( M ; ) )  and 
( ! P I R E G ( v ; ~ )  or !PO-REG(v;2))) then 

22 , 

25 I 
' endif. 

if Not-found and # M a  2 NUM(op,C,t,) then 

~ else if Notfound then 

4 Interconnection Allocation 
, 

Ev/ery data transfer from a register to a module or 
vice versa needs an interconnection to form a path 
from Ithe source to the destination. The objective of 
interqonnection allocation is to m a x i m i z e  t h e  sharing 
of interconnect ion units and thus m i n i m i z e  t h e  inter-  
connect ion cost, and a t  t h e  s a m e  t i m e  m a x i m i z e  t h e  
testaqili ty . 

Tvlro types of interconnection topology are com- 
monly used. The first one is the point-to-point 
topology, which is a multiplexer-oriented intercon- 
nection. The other one is the multi-drop topology, 
which is a bus-oriented interconnection. In this paper, 
the multiplexer-oriented interconnection is used. 

4.1 Methodology 

Tde two operands of a commutative operator such 
as mhltiply or add could be interchanged without 
changing its behavior. This means that the paths from 
the registers to  the multiplexers may be interchanged. 
If the1 interchanged paths already exist, we do not have 
to add another new path. Therefore, the size of the 
multiplexer is reduced by one. 

As, shown in Figure l(a), two 3-to-1 multiplexer- 
s are1 required if registers are allocated for (Rl,R2), 
(R2,k3), (R3,R4) variables to hold the two input 
operdnds of three ADD operators. Figure l(b) shows 
that f e  only need two 2-to-1 multiplexers to  realize 
the s&me functions of the three ADD operators, if we 
interdhange the inputs operands of the ADD operator 
from ~(R2,R3) to (R3,R2). The size of the multiplexer 
is thus reduced. The principle to increase the testabili- 
ty is Almost the same as that of multiplexer size reduc- 
tion. ~ Whenever an operator is commutative, we can 
interchange the two input operands without changing 
its bFhaviors. Having more primary input registers 
passi g through each input multiplexer increases the 

acco+plished by interchanging the paths from the reg- 
isters~ to  the inputs of the multiplexers. The aim is to  
have iat least one controllable node passing through 
each input multiplexer of every module. 

, 
I 

testa '6 ility of the corresponding module. This may be 

I 

Figure 1: (a No interconnection allo$ation in- 
terchange; tb) interconnection allocatlon inter- 
change. 

Based on the above observation, we thus derive the 

Distribute the primary input regis- 
ters among the two input multiplexers of 
each module as even as possible. 

following rule for the interconnection allocation. 

Rule 4 : 

4.2 Allocation Algorithm 

The interconnection allocation algorithm IAL- 
LOCO attempts to equally distribute the primary in- 
put registers among the module's two input multiplex- 
ers. If the operator is not commutative then it just 
allocate the left multiplexer for the left variable and 
the right multiplexer for the right variable(1ines 3-5). 
If the operator is of commutative type, then it first 
calculates the number n l  of left primary input regis- 
ters and the number n2 of right primary input regis- 
ters(1ines 7-8 It interchanges the two input variable 

and n2 is greater than or equal to 1. This insures 
that the primary input registers have been fairly dis- 
tributed among the left and right input nodes of the 
module(1ines 9-16). 

If the operator is of commutative type, and the reg- 
ister of the right input variable 212 has already been 
connected to  the left input multiplexer of the mod- 
ule, then it is advantageous to interchange the left and 
right variable allocations. The same is true for the reg- 
ister of the left input variable 211 and the right input 
multiplexer of the module(1ines 17-21). Both condi- 
tions that reduce the size of multiplexer and increase 
the controllability of the module may exist simultane- 
ously without conflict. 

IALLOC() 
1 while #(G)#O do 
2 ( ~ i , ~ , o p , ~ ~ )  = NEXT(G); 
3 if op # x ,  +, (oT/csnd)  then 
4 Lef t_Muz(MODULE(op))  * V I ;  

6 else 
7 nl = NUM_LEFT_WPUT(MODULE(op)); 
8 n2 = NUMRIGHTINPUT(MODULE(op)); 
9 if ( n l  < n2) and PIREG(w2) or 

allocations w k en the difference of the two numbers n l  

5 Right-Muz( MODUL E ( o p ) )  +== ~ 2 ;  



10 
11 Lef t -Muz(MODULE(op))  += V Z ;  
12 
13 else 
14 Lef t_Muz(MODULE(op))  % VI; 
15 Right-Muz ( M  0 DU L E( op) )  712; 

16 endif. 
17 if REGISTER(v2)  3 
18 REGISTER(LEFT(MODULE(0p))) or 
19 REGISTER(v1)  3 
20 REGISTER(RIGHT(MODULE(op))) then 
21 Lef t_Muz(MODULE(op))  v2; 
22 Right-Mux(MODULE(op)) e V I ;  

23 endif. 
24 endif. 
25 endwhile. 

( n l  > n2) and PIREG(v1) then 

Right-Muz( MODU L E( o p ) )  -i== V I  ; 

5 Experimental Results 

The benchmarks presented in this paper were used 
in behavioral synthesis systems described in the liter- 
ature and all input SDFGs are described in [lo]. The 
SDFGs are allocated by the proposed allocation al- 
gorithm and the results are compared with those of 
PHITS-NS [ll]. For the purpose of comparison, the 
data paths of PHITS-NS were also implemented with 
our basic primitive cells, and the ATPG is conducted 
on the two netlists under the same environment. 

The allocated data paths are constructed with 4 
bit wide elementary register-transfer-level primitives- 
adder, subtractor, multiplier, divider, comparator, 
multiplexer, and so on. The control signals from the 
control unit are all assumed to be directly control- 
lable. The basic primitive cells are written in Tegas 
Description Language(TDL), and a sequential ATPG 
tool called ASICGEN [14] is used to evaluate the testa- 
bility. The experiments are performed on the SPARC 
workstations. 

The formula used to evaluate the fault coverage is 

Fault Coverage = HD / (Total Faults - IG) 

0 Total Faults : collapsed single stuck fault set. 

a HD : faults that are Hard Detected, which means 
that the complement of the good signal value at 
the fault site is established and the fault effect is 
propagated to  the circuit output. 

0 IG : untestable faults or signals tied to Vcc/GND. 

Within the backtracking limit, ASICGEN runs until it 
either generates a test sequence for the fault or proves 
the fault being redundant. The backtracking limit is 
set to 10 CPU second per fault. Table 5 collects the 
testability results. It can be seen that our approach 
produces circuits with higher fault coverage and less 
CPU time to generate the test sequences and shorter 
test sequences on average. 

The first example was presented in [l], and a modi- 
fied form was presented in [ll]. The results of Tseng’s 
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example in table 5 show that our algorithm produces 
circuits with a little higher fault coverage than that of 
PHITS-NS, the ATPG time to generate test sequency 
is less than half that of PHITS-NS, and the number of 
test patterns is a little larger than that of PHITS-NS. 

The second one was presented in [3]. The results 
show that our algorithm can achieve more than 90% 
fault coverage for this circuit and is higher than that 
of PHITS-NS. The ATPG time is less than half that of 
PHITS-NS and test length produced is much shorter 
than that of PHITS-NS. 

The third case is a Differential Equa- 
tion Solver(D1FFEQ) and was first presented in [2]. 
As shown on row DIFFEQ in Table 5, our approach 
produces a circuit with slightly higher fault coverage 
while at the expense of doubling the ATPG time and 
longer test length than PHITS-NS. 

The fourth case, the Fifth-Order Digital Ellipti- 
cal Wave Filter(EWF) was first presented in [5], and 
has been chosen as a benchmark in 1988 High-Level 
Synthesis Workshop. Testability analysis results are 
shown in the last row of Table 5 .  Our approach 
achieves over 90% fault coverage which is much higher 
than that of PHITS-NS. The ATPG time incurred is 
less than 1/2 that of PHITS-NS. The length of test 
patterns is much shorter than that of PHITS-NS. The 
reason why we can achieve good test quality is due to  
the flexibilities in register and module allocations. 

In summary, our approach always achieves higher 
fault coverage under the non-scan environment, and 
the A T P G  time and the number of test patterns are 
usually much shorter than those o f  PHITS-NS. 

6 Conclusions 

In this paper, three algorithms for register, module, 
and interconnection allocations have been proposed 
respectively. The basic optimization algorithm under 
our approach is to utilize input/output registers ef- 
fectively. The register allocation algorithm uses the 
Left Edge algorithm with two-level priority selection, 
which tries to assign appropriate number of variables 
to each primary input and primary output register and 
not to  assign a primary input variable and a prima- 
ry output variable to  the same register. The module 
allocation algorithm generates self-loops conditional- 
ly. A self loop is formed only when the input/output 
registers are involved in the loop. And lastly, the in- 
terconnection allocation algorithm’s strategy is to e- 
qually distribute the primary input registers among 
the left and right input nodes of the module. 

Four benchmarks are evaluated using a commercial 
sequential ATPG tool under the non-scan environmen- 
t. Results show that the proposed algorithms achieve 
higher fault coverages, take less CPU time on ATPG, 
and require smaller number of test patterns on aver- 
age compared with the best results of similar works in 
the literature. 
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Table 1: Testability analysis. 
I 

Circuit 
test pattern I collapsed faults I abort fault I fault coverage I ATPG time 
P-NS 1 Our I P-NS I Our I P-NS I Our I P-NS 1 Our I P-NS I Our 

I P-NS : PHITS-NS 
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