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Absfroef - This paper piesene II new model for analyzing the repairabil- 
iry of RSoC (Reconfrgurable SysIem-on-Chip) Insnumentation with repair 
process. It uploifs the cmn~eti~iry  of the interconnected cares in which un- 
reliobilily factors due to both neighboring cores and intpleonneet stiuctu~e 
are taken into accounL Based on the comecfivily, Iwo RSoC repair schedul- 
in8 strategies, Minimum Number of Interconnections First (I-MIN) and 
Minimum Number of Neighboring Cores First (C-MIN) me proposed 
Two otber scheduling snategies, Msdmum Number of lotercomections 
First (I-MAX) and Maximum Number of Neighboring Cores Firit (C- 
MAX) nrc also introdaced and annalyvd to funher explore the impact of 
connectivily-based mpdr scheduling on the overall repairobilily of RSoCs. 
Extensive porometrie simulorions demonstrate the eficiency of theproposed 
RSoC repnir scheduling smfegics: thereby manufacturing ultimately relia- 
bile KSoC insnumcnsiion c m  be achieved 

- Reconfrgwable System-on-Chip (RSoC). Repair, Confrgurabil- 
ily, Repdrabilily, Connectiviry, Reliabili@. 

I. INTRODUCTION 

The increasing demand on operation speed, integration den- 
sity, and customizability for tomorrow’s high-performance in- 
strumentation has motivated high performance system devel- 
opment. System-on-Chip (SoC) technology provides poten- 
tial advantages of high integration density, small interconnec- 
tion delay and high system performance 181, 1121, 1131, 1141, 
[16], [171,[181, 1211, 1231. Thus, SoC is one of the key tech- 
nology choices for high-performance instrumentation develop- 
ment 191. For the purpose of customizability and repairabil- 
ity, embedding reconfigurahle components along with ordinary 
cores with fixed functionality are commonly practiced [I], [21, 
[31, [7], 1101,1111,[151,[191, [201,[221. The SoC with recon- 
figurable resources is commonly referred to as Reconjgurable 
System-on-Chip (RSoC). In this paper, connectivity-driven re- 
pair algorithms for an RSoC which exploits the reconfigurable 
redundancy will be proposed. Test and repair are essential 
processes for achieving high yielding SoCs. After the fabri- 
cation phase, each SoC undergoes a test phase where defective 
cores are diagnosed and identified. Usually, defective cores on 
RSoCs are deemed to be reworked, which means that defective 
cores can be repaired by reconfigurahle redundancy. The over- 
all quality of the repair process significantly affects the final 
quality of the repaired RSoC. However, the repair process is 

not free from penalty, since faulty core isolation and reconfig- 
uration processes may affect the overall system integrity. the 
reconfigured interconnect structure routability, and the neigh- 
boring cores’ functionality due to the serious interconnection 
network reconfiguration and associated programmable logic 
gate programming. For the extra long interconnects, even 
signal boosters are required to guarantee the integrity of the 
routed signals [5] .  For more stmctured and reliable operations, 
protocol-based interconnction networks are commonly imple- 
mented for SoCs as well 141. 

How densely a repair-candidate core (i.e., the core to be re- 
paired since it is diagnosed as defective) is connected to the 
neighboring parts of the RSoC is referred to as connectivity 
161. If a repair-candidate core’s connectivity is high, the repair 
process applied to the core may impair the reliability of the 
RSoC while it repairs the core, because of the physically asso- 
ciated components with the core. Thus, selection of a repair- 
candidate core that results in the least negative effects on the 
overall reliability at each repair cycle seems to be crucial in the 
RSoC repair process. 

The objective of this paper is to extensively investigate the ef- 
fect of the connectivity of repair-candidate cores on the overall 
yield (i.e., ratio of the total number of functional RSoCs out 
of the total number of fabricated RSoCs) of the repaired RSoC 
and to propose various repair scheduling strategies. Also, how 
improper repair scheduling could degrade the overall quality of 
repaired RSoCs will be extensively studied. Thus, results and 
findings from this research will be beneficial to RSoC-based 
digital instrumentation developers. 

II. REVIEW AND PRELIMINARIES 

In this work, an RSoC is modeled as a set of cores, their in- 
terconnect structure, reconfigurable interconnects, and recon- 
figurable logic redundancy as shown in Figure ( I ) ,  in which 
the RSoC has six cores and corresponding interconnect struc- 
ture. The repair process induces faulty core isolation, pro- 
grammable logic reconfiguration, and interconnection rerout- 
ing. Although the process repairs the RSoC, the unreliability 
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induced by the reconfiguration process (i.e., imperfect faulty 
core isolation, programmable logic reconfiguration and inter- 
connection rerouting) may have negative effects on the overall 
quality of the repaired RSoC. 

Once fabricated, embedded cores cannot be physically re- 
placed. Thus, embedded redundancy must be practiced for bet- 
ter yielding SoCs. Since a number of embedded hybrid cores 
are usually involved to design a SoC, legacy modular redun- 
dancy scheme (i.e., embedding of extra cores to repair faulty 
cores) may require significant die area investment and its re- 
dundancy utilization also may be very low (i.e., unused spare 
cores are likely). The proposed reconfigurable redundancy ar- 
chitecture for SoC repair consists of two key components: re- 
conjgurable logic redundancy and reconjgurable interconnect 
redundancy. The embedded cores are tested in order to identify 
faulty cores, if any. Then, the faulty cores and their intercon- 
nects are emulated by the reconfigurable logic and interconnect 
redundancy to restore the original functionality of the RSoC. 
The following case study clarifies the proposed RSoC core re- 
pair scheme based on the reconfigurable redundancy; suppose 
that an RSoC shown in Figure (1) is tested and diagnosed, and 
its core 4 is identified as faulty. Then, an emulated core 4 
is implemented by using the reconfigurable logic redundancy 
and core 4 's interconnects are rerouted to the core 4 via the re- 
configurable interconnect redundancy. As a result, the repaired 
RSoC is shown in Figure (1). 

Upon proper fault simulation and analysis, the optimized 
amount of the reconfigurable redundancy can be determined 
prior to the fabrication of the RSoC. Thereby, both minimiza- 
tion of the die area overhead due to the redundancy and max- 
imization of the RSoC yield can be achieved. Customized 
circuits can be also implemented by the reconfigurable redun- 
dancy, of course. 

Rewnflgured 
Core 

I 

COW 

IXJ 
FauHy 
COW 

Remuled 
Interwnnact 

,I"- 

Fig. 1. Example of repaired RSoC 

The following assumptions are made in this work (1) RSoC 
is fabricated with embedded cores and each core can be tested 
and diagnosed as faulty or not. (2) No escaped cores are con- 

sidered (i.e., 100% test coverage is assumed). (3) Repair pro- 
cess, including defective core isolation, redundancy reconfig- 
uration and interconnect reconfiguration, can be applied to the 
RSoC. (4) Each core may have an uneven number of ports 
which connects to other coreJ&) via inka-chip intercannects. 
(5) Reconfigured and rerouted interconnects are considered as 
less dependable than the original interconnects due to the com- 
plexity of the resulting interconnect configuration. 

As clearly addressed in the assumptions given above, the re- 
pair procedure of an RSoC h& not only an advantage but also 
a disadvantage. Proper testing and diagnosis of the embed- 
ded cores and reconfigurable redundancy utilization may en- 
hance the overall yield of the RSoC, since faulty cores can be 
replaced by reconfigured cores and rerouted reconfigurable in- 
terconnects. However, the reconfigured and rerouted intercon- 
nects may be less reliable due to the complexity of the resulting 
interconnect configuration. The unreliability associated with 
the reconfigured redundancy is modeled as the unreliabilify im- 
pact factor (U$. For example, in Figure (l), repairing core 4 
is assumed to affect neighboring (i.e., interconnected) cores 1, 
3, 6 and associated interconnect structure. To accurately and 
effectively model the effect of both advantageous repair pro- 
cess and disadvantageous reconfigured and rerouted intercon- 
nects' unreliability at the same time, the following parameters 
are used to model the overall reliability of RSoC under repair: 

N ; Number of cores in the RSoC. 

ing, which is called reliabilify. 
(i) : Probability that the i individual core is function- 

: Maximum number of Repair cycles. 
: Overall reliability of cores in the RSoC. 

i : Overall reliability of interconnect structure. 
: Overall reliability of the RSoC which takes into ac- 

count both the cores and the interconnect structure. 
ui : Base unreliability impact factor due to the repair 
process penalty. 
ui in : Incremental rate of ui per each repair cycle. 
ui (i,j) : Unreliability impact factor of the neighboring 

j core due to repair of the i core. 
(Y ; Core unreliability impact factor coefficient. 0 5 a 5 
1. It is fully dependent on the repair technology used. 
As a 1, more reliability degadation due to the repair 
process is assumed to be applied to neighboring cores of 
the repair-candidate core. 
i,j : Expected number of interconnect lines between the 

i coreandthej core. 
iui (i) : Interconnect structure unreliability impact factor 
due to repair of the i 

: Interconnect structure unreliability impact factor co- 
efficient. 0 s 5 l. It is fully dependent on the repair 
technology used. As 1, more reliability degradation 
due to the repair process is assumed to be applied to the 
interconnect structure. 

core. 

core. 

, : Expected number of interconnect lines of the i 
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: Reliability increase rate of a core due to repair. 
core. ( i )  : Number of interconnect lines from the i 

( i , j )  : Number of interconnect lines between the i and 
t h e j  cores. 
F (  (i,j) ;,j) : cumulative Poisson probability function 

- 
of ( i , j )  (i.e., 2; e 1. 
R : Success rate of overall repair process, which is called 
repairability (e.g., if 8 out of 10 defective RSoCs are re- 
paired during the repair process, R = 8 10 = 80 ). 

: Overall yield of RSoCs in which repair process is 
taken into account. 

ID. CONNECTIVITY-BASED RSOC REPAIR PROCESS 

The repair process of a core enhances the overall reliability of 
the RSoC, but the process is also likely to introduce reliabil- 
ity degradation due to the complication of the reconfiguration 
process and is also prone to impair its neighboring (i.e., inter- 
connected) cores' reliability since serious rerouting of connec- 
tivity would be experienced afterwards. Thus, the unreliability 
impact factor is modeled to be mainly determined by the num- 
ber of interconnect lines between the repair-candidate core and 
its neighboring cores. 

The characteristics of the repair process, so called connectivity- 
based repair, analyzed in this paper are given as follows : 

1.  The i core is assumed to have initial reliability of ( i ) .  
Then, (i.e., overall reliability of cores) of the given 
RSoC is initially determined by = nf, ( i ) .  Then, 
the overall initial reliability of RSoC (denoted by ) is 
= i ,  where i is the reliability of the interconnect 

structure of RSoC. 
2. The test and repair processes are performed after the fab- 

rication phase. 
3. Repair of a core degrades the reliability of the neighbor- 

ing cores and the interconnect structure of the RSoC un- 
der repair. It is assumed that the unreliability impact fac- 
tor (denoted by ui ) due to the repetition of repair cy- 
cles increases as the RSoC undergoes a number of re- 
pair cycles. ui ,, at the n repair cycle is given as 
ui = ui n - ~  + (1 - ui n-l)ui in , where ui in is 
the incremental rate of ui at each repair cycle due to the 
increasing complexity of the repair process as the number 
of repair cycles increases. 

core is assumed to affect the neigh- 
boring (i.e., interconnected) core j, if it exists. The unreli- 
ability impact factor of the j core due to the repair of the 
i core is denoted by ui ( i , j ) .  ui ( i , j )  is modeled as 
a function of ( i , j ) .  The probability that the interconnect 
lines between the i cores consist of exactly 

4. The repair of the i 

and the j 
( i , j )  lines is 

5 

The increase in the possibility of having more degrada- 
tion due to an increment of one interconnect line from 

( i , j )  - 1 to (i,j) is also modeled to be determined by 
Equation (I), since the occurrence of degrading repair is 
directly influenced by the number of interconnect lines 
attached to the repair candidate core. Thus, without loss 
of generality, the cumulative Poisson probability function 
of ( i , j )  (i.e., 2; - ) is the reasonable one to 
simulate an incremental rate of ui imposed by the num- 
ber of interconnect lines between the i and j cores. 
Thus, ui ( i , j )  is ui " + (1 - ui ,) a F( (i,j) ; , j ,  

where a is a technology-dependent core unreliability im- 
pact factor coefficient and F (  ( i , j )  ; , j )  is a cumulative 
Poisson probability function of (i, j ) .  The parameter a 
simulates the efficiency of the repair process technology. 
As a approaches to 1 and ( i j )  increases, more reliabil- 
ity degradation is assumed to take place on the j core 
since the a F (  ( i , j )  ,,j) part approaches to 1. Thus, 
the reliability of the j core after the repair of the i core 
can be formulated as ( j ) ,  = (j)"_,(l - ui (i~'),,). 
Repair of the i core is assumed to impair the intercon- 
nect structure as well. The reliability impact factor of the 
interconnect structure due to the repair of the i core is 
denoted by iui (i), iui (i), = oi 
F (  (i) i). where is a technology-dependentintercon- 
nect structure damage coefficient and F (  ( i )  i) is a cu- 

mulative Poisson probability function (= x -) 
which simulates the incremental rate of the reliability 
degradation due to the number of interconnect lines of the 
i core. As approaches to 1 and (i) increases, more 
reliabilitv degradation is assumed to be applied to the i 

e- . .  

+ (1 - ui ,,) 

i e- 

~- .. 
core since the F (  ( i , j )  i,j) part approaches to 1. 

given by (i),, = (i),-l + (1 - (i)n-l)  in . 
6. The reliability of the i 

7. The overall reliability of the cores on RSoC after the n 

8. The overall reliability of the interconnect structure on 
repair cycle can be formulated as 

repair 

core after the repair process is 

repair cycle becomes , = ni=, N ( i )" .  

i n  = i,-,(l-iui (i),). 
RSoC after the n 

9. The overall reliability of the RSoC after the n 
cycle then becomes = in. 

IV. CONNECTIVITY-BASED RSOC REPAIR 
SCHEDULING 

Every core on an RSoC is tested after the fabrication phase. 
The i core can be tested and diagnosed as non-faulty with the 
probability of ( i )  and as faulty with the probability of (2). If 
there is only one faulty core detected during the test phase, the 
core will be isolated and repaired. If more than one faulty core 
is detected during the test phase, the order of repair (referred 
to as the repair schedule) must be properly arranged. In each 
repair cycle, in other words, selecting an appropriate repair- 
candidate core which has the least impact on the overall RSoC 
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reliability is a natural choice for optimal scheduling. 

The RSoC structure shown in Figure ( I )  can be viewed as a 
weighted graph with six vertices and nine weighted edges. A 
simple way to represent the graph is to use a two-dimensional 
array so called an adjacency matrix representation. The space 
requirement of the representation is ( N ’ )  where N is the 
number of cores on the RSoC. 

If the RSoC is sparsely interconnected, a better solution is ad- 
jacency list representation. The space requirement for this rep- 
resentationis ( N +  ) where N is the numberofcores and 
is the number of edges between cores on the RSoC. For RSoCs 
with a greater number of cores which are sparsely intercon- 
nected, the adjacency list representation can save the space re- 
quirement. For RSoCs with a lesser number of cores which 
are densely interconnected, the adjacency matrix is the choice. 
One of the two representations can be chosen accordingly, in 
practice. 

For the proposed RSoC model, the number of interconnect 
lines and the number of neighboring cores attached to a repair- 
candidate core determines the resulting yield of the RSoC after 
each repair cycle. Four possible repair scheduling strategies 
are proposed as follows: 

Minimum Number oflnterconnects First (7-MIN) -Among 
those diagnosed as faulty cores, the one which has the 
smallest number of interconnect lines is to be repaired 
first. 
Maximum Number of Interconnects First (I-MAX) - 
Among those diagnosed as faulty cores, the one which has 
the largest number of interconnect lines is to be repaired 
first. 
Minimum Number of neighboring Cores First (C-MIN) - 
Among those diagnosed as faulty cores, the one which has 
the smallest number of neighboring cores is to be repaired 
first. 
Maximum Number of neighboring Cores First (C-MAX) - 
Among those diagnosed as faulty cores, the one which has 
the largest number of neighbaring cores is to be repaired 
first. 

Since I-MAX and C-MAX repair scheduling strategies are sup- 
posed to repair the most reliability degrading core first, they 
do not have advantages in practice. However, they are also 
analyzed to be compared with the I-MIN and C-MIN repair 
scheduling strategies. 

V. PARAMETRIC ANALYSIS 

In this section, the effects of the connectivity-based RSoC 
repair scheduling are investigated through numerical experi- 
ments. An RSoC system with N = 15, (i) = 0.99 for all i, 
and i = 0.9999 is considered. The yield of the RSoC before 
an application of the repair process can be calculated as a se- 
ries product of the (i) of all the cores (i.e., n:, (i)) and 

the yield of the interconnect stmcture (i.e., i), In Table (I), 
the overall RSoC yield and -are given where -is subdivided 
into six categories according to the number of defective cores 
on the RSoC (denoted by ). The following can be observed 
from Table (I): 

Among those 14.0028% RSoCs with defects, 13.0298% 
of them have one defective core identified, 0.9213% of 
them have two defective cores identified, 0.000403% of 
them have three defective cores identified, O.oOM)12% of 
them have four defective cores identified, and O.OWO16% 
of them have more than five defective cores identified. 
Since RSoCs with 5 are very few and then almost 
ignorable, the maximum allowed number of repair cycles 

= 5 is applied. 
0.00086% RSoCs in the category i (i.e., defective inter- 
connect structure) does not have defective cores, hut they 
have a defective interconnect structure. Since RSoCs in 
the i category are very few, no repair process is applied 
in this example. 

To compare the proposed repair scheduling strategies, the val- 
ues of in , ui , and ui in are set to 0.1 and the value of , 
is set to 9, arbitrarily. In Tables (11) and (III), the repair per- 
formances of those proposed strategies, measured in the per- 
centage of repaired RSoCs at each repair cycle, are shown. For 
example, 13.0298% of RSoCs contain one defective core and 
62.4108% of them are repaired in the first repair cycle of I- 
MIN. and 0.9213% of RSoCs contain two defective cores and 
27.4829% of them are repaired in the second repair cycle, and 
so on. 

TABLE II 
PERFORMANCE COMPARISON OF THE PROPOSED REPAIR STRATEGIES AT 

EACH REPAIRCYCLE WHERE 0.05 

TABLE 111 
PERFORMANCECOMPARISON OF THE PROPOSED REPAIR STRATEGIES AT 

EACH REPAIR CYCLE WHERE 0.5 

By comparing the results shown in Tables (11) and (HI), the 
following can be observed 

I .  Even with relatively small values of a and = 0.05 (i.e., 
less core and interconnect degradation due to the repair 
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85.9972% 

process), the repair scheduling plays an important role in 
the RSoC repair process. Thus, it is shown that I-MIN and 
C-MIN outperform I-MAX and C-MAX at every repair 
cycle. 

= 0.5 are ap- 
plied (i.e.. more core and interconnect degradation due 
to the repair process), the difference in the repairability 
between I-MIN (C-MIN) and I-MAX (C-MAX) becomes 
even more clear. 

3. An appropriate selection of the repair schedule definitely 
affects repairability regardless of the values of a and . 

2. As relatively larger values of a and 

In Figures (2)-(4), (i.e., overall yield of the RSoC) of I-MIN 
at different values of N (i.e., 5, 10, and 15), a and (i.e., 0.05 
and 0.25), and (i) for all i (i.e., 0.8 - 1.0) are shown versus I- 
MAX. In Figure (3)-(5), of C-MIN at different values of N 
(i.e., 5, 10, and 15). a and (i.e., 0.05 and0.25), and (i) for 
all i (i.e., 0.8 - 1.0) are shown versus C-MAX. By comparing 
the results of Figures (4)-(5), the following observations can be 
drawn: 

1. Using properconnectivity-basedrepair scheduling strate- 
gies (i.e., I-MIN and C-MIN), a higher of RSoC can be 
achieved. 

2. I-MIN and C-MW always outperform I-MAX and C- 
MAX. 

3. As a and increase, the difference between of I-MIN 
and of I-MAX increases. It is the same for C-MIN and 
C-MAX. 

4. With relatively smaller a and values, of both I-MIN 
and C-MIN perform similarly. However, I-MIN performs 
better than C-MIN as a and 

5. In practice, C-MIN is likely to be the choice when 
smaller a and values are applied, since it counts only 
the number of neighboring cores which is simpler than 
counting the number of interconnect lines. 

6. In practice, I-MIN is likely to be the choice when larger 
a and 
of RSoC than C-MIN. 

increase. 

values are applied since it has less impact on 

VI. DISCUSSION 

This paper has presented a new model for analyzing the 
repairability of RSoC instrumentation with repair processes 
based on the effect of the connectivity of the repair-candidate 
core where reliability degradation of both neighboring cores 

- 
14.0028% 

=1  [ = 2  I = 3  I = 4  I = 5  [ i 
13.0298% I 0.9213% I 0.000403% I 0.000012% /0.000016% I0.000086% 

and interconnect structure due to the complexity of the re- 
configured logic and interconnect redundancy is taken into ac- 
count. Two approaches, Minimum Number ofherconnections 
First (I-MIN) and Maximum Number of Neighboring cores 
First (C-MIN) have been proposed. Two other scheduling poli- 
cies, Maximum Number oflnterconnections First (7-MAX) and 
Maximum Number of Neighboring cores First (C-MAX) also 
have been introduced and analyzed, and it has been shown how 
improperly scheduled repair processes could impair the overall 
repairability of RSoCs under repair. Extensive parametric anal- 
ysis and comparison of the proposed approaches have demon- 
strated the efficiency of the proposed RSoC repair scheduling 
strategies (i.e., I-MIN and C-MIN). From the results, it is obvi- 
ous that a higher repairability of RSoCs can be expected when 
proper RSoC repair scheduling strategies such as I-MIN and 
C-MIN are applied. Also, it has been shown that I-MIN toler- 
ates a higher core and interconnect reliability degradation due 
to the repair process (i.e., higher a and ) than C-MIN does, 
while C-MIN results in a higher repairability when less core 
and interconnect reliability degradation due to the repair pro- 
cess (i.e., lower a and ) is assumed. 
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