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-Driven Partia 

ESIDES LOW AREA overhead, 
one key advantage of partial scan 
design over other design-for-testa- 
bility (DFT) techniques is low (or 
zero) performance degradation if 
the designers select scan flip-flops 
carefully. However, no existing 
technique formally addresses this 
issue. (See the box, Full and par- 
tial scan, for background on exist- 
ing techniques.) We propose a 
partial scan approach that aims at 
minimizing both area overhead 
and performance degradation 
caused by the test logic. 

Because meeting performance 
objectives is one of the most diffi- 
cult and time-consuming design 
tasks-especially in high-perfor- 
mance ASIC design-designers 
should guide scan flip-flop selec- 
tion to meet the given performance 
requirement. If testability concerns 
make performance requirement 
violation inevitable, designers 
should guide selection to reduce 
the potential extra area caused by 
the subsequent performance opti- 
mization for target speed. 

In this article, we enhance the cycle- 
breaking method introduced in Cheng 
and Agrawal.’ Given a target speed and 
an initial design that meets the target, 
our algorithm selects a minimum set of 
scan flip-flops that 1) breaks all se- 
quential cycles and 2 )  does not violate 
the performance requirement after the 
scan logic is added. If such a set does 
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not exist, the algorithm finds a set of 
scan flip-flops that 1) breaks all se- 
quential cycles and 2) minimizes the to- 
tal area increase caused by the scan 
logic and the subsequent performance 
optimization. 

In addition, for circuits synthesized 
by automatic synthesis tools, we suggest 
a new design flow, through which we 

select and insert partial scan logic 
after area optimization but before 
performance optimization. This 
produces designs with less area in- 
crease than the traditional design 
flow, which considers testability 
and adds test logic after perfor- 
mance optimization. 

This work represents an impor- 
tant concept in design for testabil- 
ity: during the synthesis phase, the 
designer must simultaneously con- 
sider the three major design para- 
meters-performance, area, and 
testability-to obtain the right par- 
tial scan solution. 

Algorithm 
The inputs to our algorithm in- 

clude the target speed, netlist, and 
each flip-flop’s slack reported from 
a static timing analyzer; the algo- 
rithm’s output is a set of flip-flops 
for scan. We define the slack of a 
flip-flop as the slack of the flip-flop’s 
data input terminal. The slack of a 
signal is the difference between the 
required time from the perfor- 
mance specification and the real 

arrival time. If the design does not meet 
the performance requirement, some 
flip-flops have negative slacks. 

Figure 1 shows the area overhead 
and performance degradation a circuit 
incurs when the designer inserts partial 
scan logic. If the resulting circuit does 
not meet the target speed, the designer 
can trade additional area for speed by 
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using various timing optimization tech- 
niques” (see Figure 2). 

If the designer selects flip-flop ffor 
scan, the circuit incurs extra delay for 
all combinational paths ending at f. The 
amount of extra delay is roughly equal 
to the delay of a 2-to-1 multiplexer, de- 
noted by d,,,. Notice that the actual ex- 

tra delays various scan flip-flops incur 
are slightly different due to different 
loads they drive. However, the differ- 
ences are quite small, and we consider 
them negligible. 

The circuit does not incur perfor- 
mance degradation if the designer se- 
lects a flip-flop for scan with slack 
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Figure I .  Partial scan overhead. 
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:igure 2. Total area overhead of partial 
;can. 

!reater than d,,,. However, if the de- 
jigner selects a flip-flop with slack less 
han d,,,, either the circuit’s perfor- 
nance will degrade or performance op- 
imization will require extra area 
iverhead to meet the target speed. The 
nore flip-flops with negative slacks the 
lesigner chooses for scan, the more 
irea the performance optimizer adds to 
nake the circuit meet the target speed. 

A circuit’s area and delay have a 
rade-off relationship; circuitry can ei- 
her trade area for speed or speed for 
irea. However, it is extremely difficult 
o predict the exact amount of area 
iverhead that will reduce extra delay. 
l u r  practical experience suggests that 
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Figure 3. Example of a circuit graph. 

begin 
clean up 
graph reduction 
while (graph is not completely 

reduced) do 
beg 11 

heutistic node selection 
graph reduction 

end 
end 

Figure 4. lee-Reddy algorithm. 

the product of area and delay is ap- 
proximately a constant," that is, a m  x 
delay = e. 

If, given target delay D, flip-flop fhas 
negative slack si, we express the addi- 
tional area introduced by the perfor- 
mance optimizer to meet the target 
delay as 

Added-area=c{(l/D) - [l/(D-sJ]) 

If the designer selects this negative- 
slack flip-flop for scan, its slack de- 
creases by d,,,. We then express the 
difference in area added to meet the 
performance requirement between se- 
lecting and not selecting ffor scan as 

Similarly, if the slack of flip-flop fis 
nonnegative but less than d,,,, we ex- 
press the difference in area added to 
meet the performance requirement be- 
tween selecting and not selecting ffor 
scan as 

e(D, si)  = c [ (l/D ) - l/(D - sf+ d,,, )] 

Given a netlist, set of flip-flops S, and 
target delay D, we define the area over- 
head function (AOF) for scanning the 
flip-flops in S as 

AOF(S) = a. IS1 + CU(.S~ ) 
[E S 

Here, a is a constant equal to the value 
of the area difference between a scan 
flip-flop and a nonscan flip-flop, and 

[ y , x )  

if x<O 
u(x)= e(D,x) if OIx<d,,, 

if x 2 d,,, 

The first term of the AOF(S) equation 
represents the area overhead of re- 
placing the flipflops in S by their scan 
versions. The second term reflects the 
additional area overhead required to 
achieve the target speed if S is scanned. 
To minimize AOF, we must simultane- 
ously minimize the number of flip-flops 
in the scan set and, if possible, avoid 
selecting flip-flops with negative slacks. 
Notice that we know or can easily d e  
rive all constants in the previous ex- 
pression. To derive c, we simply take 
the product of the area and delay of the 
original netlist. 

We model a sequential circuit as a 
weighted directed graph G = p, E, r/t3, 
where vertex U ,  represents a flip-flop, 
and edge (U, ,  U,) exists when there is a 
combinational path from flip-flop i to 
flip-flop j .  Each vertex U ,  is associated 
with weight w,, the slack of corre- 
sponding flip-flop i. Figure 3 shows the 
graph of a six-flip-flop circuit. The char- 
acter inside the vertex denotes the ver- 
tex name, and the number next to the 
vertex denotes the slack of the corre- 
sponding flip-flop. 

For test generation, cycles of length 
greater than 1 pose a greater problem 
than cycles of length 1 or self-loops.' In 
most designs, a significant percentage 
of flip-flops have self-loops. Thus, scan- 
ning flip-flops to break all sequential cy 
cles including self-loops results in a 

jesign close to a full scan circuit. 
rherefore, we consider it reasonable to 
eave self-loops unbroken, and we 
idopt this heuristic in our algorithm. 

There are many ways to break all the 
zycles in the graph in Figure 3, but some 
Zhoices incur less performance degra- 
Jation than others. Choosing vertices c 
md e to break all cycles results in a 
estable design with minimum perfor- 
nance degradation, because vertices c 
md e have greater slacks than the oth- 
Zr candidates. 

Given a weighted directed graph, our 
dgorithm finds a set of vertices that 1) 
breaks all cycles except self-loops and 
2) provides all with positive weights. If 
such a set does not exist, our algorithm 
finds a set that breaks all cycles and 
minimizes the area overhead function. 

We state this problem formally as fol- 
lows: Given weighted directed graph G, 
find aset of vertices V'such that G- V' 
is acyclic and AOF(V') is minimum. 

This problem differs from (and is 
harder than) the feedback vertex set 
problem that other partial scan meth- 
ods solve. Because the feedback vertex 
set problem is an NP-complete prob- 
lem, we cannot find an efficient, exact 
algorithm for our problem. However, 
we can derive a good heuristic algo- 
rithm from the feedback vertex set 
problem, which has been studied ex- 
tensively. As an example, we describe 
an algorithm that we modified from the 
Lee-Reddy algorithm.12 

Like the Lee-Reddy algorithm, our al- 
gorithm consists of two major steps: 
graph reduction and heuristic node se- 
lection. Figure 4 outlines this iterated 
algorithm. 

In the clean-up step, we simply re- 
move all self-loops to reduce the area 
overhead as explained earlier for the 
subsequent cycle-breaking task. 

In the graph reduction step, we re- 
duce the graph while preserving all the 
properties to find a feedbackvertex set 
with minimal AOF. The graph reduction 
step has five operations; the first three 
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are exactly the same as those given in 
Lee and Reddy,12 while the last two take 
the nodes’ weights into account. 

1. Source operation. Given node L 
with in-degree 0, remove U and all 
incident edges. (The in-degree of a 
node is the number of fan-ins to that 
node.) This is necessary because s e  
lecting source nodes does not con- 
tribute to cyclebreaking tasks. 

2. Sink operation. Given node U with 
out-degree 0, remove U and all in- 
cident edges (same reason as op- 
eration 1). (The out-degree of a 
node is the number of fan-outs 
from that node.) 

3. Self-loop operation. Given node U 
with self-loop, include U in the 
feedback vertexset, and remove U 
and all edges incident to U. Any 
node that ends up with a self-loop 
during the iteration process is the 
only node eligible for breaking this 
self-loop. 

4. Conditional unit in operation. 
Given node U with in-degree 1 and 
no self-loop, if the weight of its 
unique predecessor U’ is greater 
than d,,,, merge U into U’ as a sin- 
gle node. Node U‘ can break any 
cycles node U can break, and from 
the timing point of view U’ is al- 
ways the better candidate. 

5. Conditional unit out operation. 
Given node U with out-degree 1 
and no self-loop, if the weight of its 
unique successor U’ is greater than 
d,,,, merge U into U’ as a single 
node (same reason as operation 4). 

If these operations reduce the graph 
completely, the selected feedback ver- 
tex set is an optimal solution to our 
problem. Otherwise, we apply heuris- 
tics to select a node from those re- 
maining, add it to the set, and remove it 
and its incident edges from the graph. 
We iteratively apply the graph reduc- 
tion and heuristic node selection steps 
until the graph is empty. 
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Figure 5. The slacks of s 1423 with target delay 88 ns. Original circuit [a), cycle- 
broken circuit (61, and timing-driven cycle-broken circuit [c). 

In the heuristic selection step, we 
choose a node with 1) slack greater 
than d,,, and 2) a maximum product of 
in-degree and out-degree. In general, 
removing a node of large fan-ins and 
fan-outs will break more cycles. If no 
such node exists (all remaining nodes 
have slacks less than dmJ, we select a 
node with a maximum value of (in-de- 
gvee)(out-degree) + w (slack), where w 
is a constant. If we assign w a large val- 
ue (greater than the product of the max- 
imum in-degree and maximum 
out-degree of the graph), the algorithm 
selects a node with maximum slack. On 
the other hand, if we assign a zero val- 
ue to w, the selection criterion is the 
same as the one suggested in Lee and 
Reddy.12 In our current implementation, 
we assign w the product of the average 
in-degree and out-degree of the origi- 
nal circuit graph. 

Our algorithm selects a very different 
jet of flipflops from that selected by the 
Lee-Reddy algorithm if any of their s e  
ected flip-flops has negative slack. For 
?xample, circuit s1423 has a total of 74 
’lip-flops. If we implement the circuit 
Nith the AT&T 1.2-pm, CMOS standard- 
:ell library and the target delay is 88 ns, 
our flip-flops have negative slacks. (In 
:omparing the algorithms, we are con- 
:erned only with negative-slack flip- 

Figure 5a shows the bar chart of 
i1423’s flip-flop count versus slack. 
:igure 5b is the chart for the partial scan 
:ircuit with scan flip-flops selected by 

lops.) 

the Lee-Reddy algorithm. This algo- 
rithm selects not only the original four 
negativeslack flip-flops, but another 
flip-flop whose slack becomes negative 
when selected. This scan set increases 
the longest delay of the circuit by about 
1.3 ns. 

The bar chart in Figure 5c shows flip- 
flop count versus slack for the partial 
scan circuit with scan flip-flops select- 
ed by our algorithm. Our algorithm 
selects only two of the original negative- 
slack flip-flops for scan, and the longest 
delay remains the same as that of the 
nonscan circuit. However, the Lee- 
Reddy algorithm selects only 22 flip- 
flops for scan, while our algorithm 
selects 29. 

Experimental results 
We used several ISCAS89 sequential 

benchmark circuits13 to compare our 
partial scan method with the existing 
methods. We sampled two pure FSMs- 
5386 and s510-that have a small num- 
ber of flip-flops but complex structures. 
We also chose five large designs with a 
larger number of flip-flops (ranging 
From 29 to 531). 

First, we ran a technology-mapping 
xogram to map the technology-inde- 
3endent netlists onto AT&T 1.2-pm, 
ZMOS standard-cell library. Then, we 
dsed AT&T’s performance optimizer 
ATIW to reduce the critical path de- 
ay by 50% for each circuit. We call the 
*esulting circuits “reference circuits.” 
3ecause partial scan with cycle-break- 
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Table 1. Comparison of TD-Pscan and Lee-Reddy algorifhm. 

Reference circuits Lee-Reddy TD Pscan 
Area Critical path Area h i a y  Area Delay 

Circuit (grids) delay (ns) overhead (%) overhead (%) overhead (%) overhead (%) 

s386 368 13.00 8.2 8.5 8.2 1.5 
s510 675 17.80 4.4 7.3 4.4 6.7 
s953 1,232 20.80 2.4 5.8 2.4 1.4 
sl423 2,428 42.90 5.4 2.6 7.4 2.1 
s5378 4,689 25.77 1.2 0.0 1.2 0.0 
s9234 5,684 28.19 0.4 0.0 0.4 0.0 
sl5850 14,653 42.70 3.8 1.2 4.7 0.0 

Table 2. Cornparison of TD-Pscan and Lee-Reddy with subsequent timing optimization. 

Reference circuits Lee-Red4 TD Pscan 
Area Critical path Area Total area Area Total area 

Circuit (grids) delay (ns) (grids) overhead (%) (grids) overhead (%) 

s386 368 
s510 675 
s953 1,232 
sl423 2,428 
s5378 4,689 
s9234 5,684 
sl5850 14,653 

13.00 
17.80 
20.80 
42.90 
25.77 
28.19 
42.70 

470 
71 9 

1,510 
2,616 
4,745 
5,707 

15,830 

27.70 
6.50 

22.60 
7.70 
1.20 
0.40 
8.00 

ing achieves very high fault coverage,’ 
our experiments concentrated only on 
comparing area and delay overheads. 

Our first experiment compared our 
timing-driven flip-flop selection algo- 
rithm with the LeeReddy algorithm. We 
implemented our algorithm in a pro- 
gram called TD-Pscan. In this experi- 
ment, we did not optimize performance 
after scan flip-flop selection and inser- 
tion. We used the reference circuit’s 
delay as the target delay for the timing- 
driven scan flip-flop selection. 

In Table 1, columns 2 and 3 list the 
areas and critical path delays of the ref- 
erence circuits; columns 4 and 5 list the 
area and delay overheads of the partial 
scan circuits produced by the Lee- 
Reddy algorithm; and columns 6 and ? 
list the area and delay overheads of the 
circuits produced by TD-Pscan. 
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For s386, s510, and s953, TD-Pscan 
selected the same number of scan flip- 
flops as the Lee-Reddy algorithm, but 
generated designs with substantially 
less performance degradation. For 
s1423, TD-Pscan selected more scan 
flip-flops, but resulted in lower perfor- 
mance degradation. For s5378 and 
s9234, all the scan flipflops selected by 
the LeeReddy algorithm happened to 
be in noncritical paths. Thus, TD-Pscan 
selected exactly the same sets of scan 
flip-flops. For ~15850, TD-Pscan select- 
ed more flip-flops (corresponding to 
4.7% area overhead) than the Lee- 
Reddy algorithm (3.8% area overhead). 
However, our method caused no per- 
formance degradation, while the Lee- 
Reddy algorithm introduced 1.2%. It is 
worth noting that the weight w intro- 
duced in our algorithm’s heuristic node 

44 1 18.90 
707 4.80 

1,302 5.90 
2,649 9.10 
4,745 1.20 
5,707 0.40 

15,343 4.70 

selection step can be adjusted to trade 
area for speed in scan design circuits. 

In our second experiment, right after 
scan flip-flop selection we optimized 
the circuits’ timing to meet the original 
target performance. Table 2 shows ex- 
perimental results comparing our ap- 
proach with the existing approach, 
which does not use timing information 
for scan flip-flop selecJion. 

For each circuit, we chose the refer- 
ence circuit’s delay as the target delay. 
We used the Lee-Reddy algorithm on 
each reference circuit to select scan 
flip-flops. For five out of seven cases, the 
target speeds were not satisfied after we 
added the scan logic. We then used 
LATTIS to optimize the partial scan cir- 
cuit to meet the original target speed. 
Column 4 in Table 2 shows the areas of 
the final circuits. 
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Then, we used TD-Pscan to select 
scan flip-flops for the same seven cir- 
cuits. Column 6 lists the areas of the cir- 
cuits this procedure produced. For both 
partial scan approaches, total area over- 
head (columns 5 and 7) represents the 
true area overheads including both 
overhead due to the scan logic and ad- 
ditional overhead for meeting the per- 
formance requirement. 

Table 1 shows that for circuit s953, 
the Lee-Reddy algorithm selected scan 
flip-flops causing 2.4% area overhead 
and 5.8% performance degradation. 
However, to meet the target critical path 
delay of 20.8 ns, we must convert the 
5.8% performance overhead into an ad- 
ditional 20.2% area overhead (22.6% - 
2.4%), as Table 2 indicates. Clearly, ap- 
proaches that do not consider the extra 
area overhead that compensates for 
performance degradation caused by 
scan logic might not represent the 
whole story on area overhead. 

Another interesting example is 
~15850. Our approach selects more 
scan flip-flops before performance op- 
timization and shows a higher area 
overhead as compared with the Lee- 
Reddy approach. But, after perfor- 
mance optimization, our approach’s 
final area overhead is smaller than that 
of the old approach. In other words, the 
additional flip-flops eventually pay off 
when the circuit meets target speed. 

For s1423, our approach selects more 
scan flip-flops. In this case, the final area 
overhead of our approach remains 
higher than that of the Lee-Reddy ap- 
proach (see Table 2). This is because 
our flip-flop selection algorithm is 
heuristic and does not guarantee the 
optimal solution to the problem. Fine- 
tuning of parameter w in the heuristic 
selection step may improve the results. 

The results of timing-driven partial 
scan depend greatly on the particular 
timing optimizer used. Timing opti- 
mization technology is very diversified, 
and there are no golden algorithms that 
always produce the best results. Thus, 
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Figure 6. Traditional design flows I (a) and 2 (b), and design flow 3, our suggestion (c). 

we do not intend our results to be used 
for benchmarking. However, our results 
do show that carefully selected flip-flops 
on the less critical paths generally result 
in lower area overhead for partial scan 
insertion. 

Choosing a design flow 
We have demonstrated that design- 

ers can use timing information effec- 
tively to reduce area overhead for 
partial scan insertion. However, a cir- 
cuit’s trade-off relationship between 
area and delay can only be well quan- 
tified when the circuit is in reasonably 
good shape. In other words, we cannot 
effectively use timing information to es- 
timate the added area that will reduce 
delay unless the circuit is area opti- 
mized to some extent. Here, we discuss 
how three design flows meet area, de- 
lay, and testability requirements for cir- 
cuit designs. We show that one of them 
is superior to the others in producing a 
smaller, faster, testable design. 

Design flow 1. In the traditional de- 
sign flow (Figure sa), testability im- 
provement occurs after the designs 
have met their area and performance 
specifications. One obvious drawback 
of this design flow is that test logic usu- 
ally degrades performance, rendering 
the previous optimization effort waste- 

ful. Another disadvantage is that func- 
tional logic and test logic are optimized 
separately, especially for timing. Even 
if we try to add the test logic in a way 
that least degrades performance, the 
performance requirement may still be 
violated, and performance optimiza- 
tion must be done again for the circuit 
to meet target speed. 

Design flow 2. In another typical d e  
sign flow (Figure 6b), designers insert 
testability before optimizing both area 
and timing. It is difficult to predict the fi- 
nal area overhead for the particular set 
of flip-flops selected for scan in the un- 
optimized initial circuit. Therefore, the 
advantage of the timing-driven partial 
scan insertion cannot be exploited. 

Design flow 3. We propose a better 
design flow, illustrated in Figure 6c. 
After performing area optimization, we 
use the flip-flops’ slack information and 
the circuit’s target speed to guide scan 
flip-flop selection. Judicious use of the 
slack information contributes directly 
to the subsequent performance opti- 
mization, in which we trade area for d e  
lay to achieve the original circuit speed. 

There are two advantages to our d e  
sign flow: it avoids the iteration of per- 
formance optimization, and it produces 
designs whose area-delay trade-off 
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F 

Delay 

Figure 7. Typical area-delay trade-off 
curves. 

curves are generally superior to those of 
designs produced by traditional flows. 

Comparison. We can use area-delay 
trade-off curves to elaborate the differ- 
ences in area overhead incurred 
through the different design flows. In 
Figure 7, curve A shows the area-delay 
trade-off curve for a design without par- 
tial scan. Design flows 3 and 1 (Figures 
6c and 6a) yield designs with trade-off 
curves B and C. 

The vertical line in Figure 7 repre- 
sents the design’s target speed; point o 
represents the initial design. Design 
flow 1 first optimizes the design for area, 
moving the design to point a. It then 
speeds up the design, moving the de- 
sign to point b on curve A to meet the 
performance requirement. Partial scan 
logic, added later, causes area over- 
head and usually degrades peufor- 
mance, moving the design to point c on 
curve C. Since the target speed is no 
longer satisfied, the designer must again 
conduct performance optimization, 
producing the design at point d. 

If we follow design flow 3, we first op- 
timize the initial circuit for area. This 
changes the design from o to a. In the 
next step, we insert timing-driven par- 
tial scan, changing the design from a to 
e. The performance optimizer then pro- 

s 

duces the final design, corresponding 
to point fon curve B. 

Figure 7 clearly shows the difference 
in area between the designs these two 
approaches produce. The specific r e  
sults shown in Table 2 further support 
this general observation. It is also worth 
noting that the higher the target speed, 
the larger the difference in area be- 
tween designs produced by these two 
approaches. 

Two NEW CONCEPTS emerge in this 
article. First, our timing-driven partial 
scan scheme uses timing information 
to guide scan flip-flop selection. Our al- 
gorithm selects scan flip-flops that 
break all cycles (except self-loops) and 
minimize area overhead, including 
area the performance optimizer adds 
to resolve performance degradation 
due to test logic. Second, by our design 
flow, we select and insert the partial 
scan flip-flops before performance op- 
timization. This flow not only avoids 
unnecessary repetition of the timing 
optimization, but also results in an area- 
delay trade-off curve superior to the 
one resulting from the traditional de- 
sign flow. 

Further enhancement of the algorithm 
to produce constraintdriven partial scan 
is an interesting topic. The goal is to in- 
tegrate the objectives of optimizing area, 
performance, testability, and power into 
a unified set of design algorithms. -E@ 
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