
 

TEST TIME OPTIMIZATION OF CORE 
BASED SOCs USING HEURISTIC 

ALGORITHMS 
Thesis report submission in the partial fulfillment of the 

Requirement for the award of the degree of 
MASTER OF TECHNOLOGY  

IN 
VLSI DESIGN 

Submitted by 
Ashish Singh 

Roll No: 601461005 
Under the Guidance of 
Ms. Harpreet Vohra 

Assistant Professor, ECED 

 
      DEPARTMENT OF ELECTRONICS AND COMMUNICATION 

ENGINEERING 
THAPAR UNIVERSITY, PATIALA (PUNJAB)  147004 

JULY-2016 



Scanned by CamScanner



Scanned by CamScanner



iii  

ABSTRACT 
The cost of testing SOCs (System On Chip) is related to its test application time. With increase 
in the complexity, the number of on chip test time increases which further increases the 
possibility of manufacturing imperfections at deep sub micron level. This increase in the 
complexity increases number of fault sites which need a high test data volume for testing. This 
application of high test data volume leads to an increase in test application times. SOC consists 
of digital, analog and various mixed signal components. The urgent time to market requirement 
poses many challenges for the design and test engineers. Testing cost has made IC testing more 
difficult. ITRS semiconductor road map represents that there will be a need of hundred of 
processors for the future generation of SOC designs which will further increase the test cost.  
Many techniques have been proposed to reduce the cost by test scheduling, reducing test data 
volume and optimizing test design mechanisms. In order to reduce the test time, cores needed to 
be tested simultaneously due to which power consumption increases. The main aim is to 
schedule all the given cores in the allotted TAM width in most optimum manner. Thus, various 
combinations have been tried to get optimum results by using the partition based technique 
which will be explained in detail in the subsequent sections. Test scheduling is proved to be an 
NP-hard problem. 
In this thesis report, an algorithm is proposed for scheduling different cores so as to reduce the 
test time while taking power and bandwidth constraints into consideration. This problem can be 
reduced 
show the optimal results achieved. The proposed schemes are applied on three benchmark 
circuits from Duke University and Philips. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 MOTIVATION 
The advancement in the semiconductor technology has led to the level of integration 

This advancements 
in IC design have led to the creation of micro-electronic products with complex 
functionality. Improvements in fabrication technology have integrated the ICs with 
billions of transistors. Such single IC with all required functionality for a system is 

defined to be any chip having more 
than 1 million gates and/or 1000+ package pins [1]. System on chip consists of many 
cores, memories, analog block, digital block and other functional elements which are 
placed on a single chip to get the best performance ratio as permitted by the latest 

for some Intel processors [3]. 
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With increase in the complexity, possibility of manufacturing imperfections at deep sub 
micron level increases. Due to which the number of on chip test time increases which 
further which become expensive due to additional circuitry and man power evolved. 
Also, the controllability and observabilty becomes difficult. Insertion of individual test 
point and BIST is not feasible as they demand structural changes. Therefore, modular 
approach is introduced to meet short time requirement. Pre designed and pre verified IP 
cores are used which is brought from within same company or from external sources. 
These IP cores are embedded on a single chip, which is termed as SOC. It will reduce the 
test time as well as the cost. IP cores can be used again and again for minimization 
purpose. Design for testability is also used for testing the ICs. This approach plays a vital 
role in reducing the test time. Each and every core in fabricated IC must be tested before 
releasing to the market. The best approach is to apply test vectors and compare the results 
at the output with the expected results. 
 
Modular approach consists of different cores in which each and every core can be 
subjected for an individual test. The cores are tested with the help of test data and then 
are placed on the single chip. Cores are deep embedded inside SOC. There is no way to 
directly access the core from SOC pins. So, there is a requirement for test architecture 
design to handle/access the cores and test it properly. In modular testing[5] various 
challenges which are being faced frequently are test scheduling and test architecture 
design. These are major problems which need to be handled properly so that the test cost 
and test time can be reduced up to certain extend [13]. The structure of modular core 
based design is shown in Figure 1.2.  
 
 
 
     
 
 
 
 
 

Figure 1.2 Structure of Modular core design 

Selecting Core     
for testing 

Design SOC Test 

Production of         
Test results 
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Due to recent advancement in the product, the circuit is becoming complex day by day.  
Therefore, designing a System on Chip is a major challenge. Every electronic product 
coming to market needs to be within the reach of customers. Therefore, the cost of the 
manufacturing should be kept as low as possible. In last few decades, the cost of 
fabrication has witnessed a sharp decrease but the value of test cost is still on the same 
level. So going by the facts in few upcoming years definitely the gap will shoot up. 

cost plays a pivotal role in the total manufacturing cost including fabrication cost. Test 
time of different cores needs to be reduced by using different techniques for proper test 
planning. With the help of the different planning techniques, the test time of the cores 
would be reduced up to some extent thereby reducing the test cost hence, also reducing 
the manufacturing cost of the ICs. 
 
1.2 CORE BASED SYSTEM ON CHIP 
 In SOC, the cores obtained from core vendors can be of different origin which can be 
categorized into following categories: 
 Soft cores 
 Firm cores 
 Hard cores 

Soft Cores: 
Soft cores having highest flexibility are basically modules which are capable of 
synthesizable architecture. Their performance is highly unpredictable and they have lot of 
physical design issues to be faced. These cores consist of a technology independent 
Hardware Description Language (HDL) files, test bench and have necessary information. 
Soft core poses hindrances for floor planning, placement and routing.  
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Firm Cores:  
Firm cores are ready for the purpose of routing and do not present hindrances for floor 
planning, routing and placements. These cores comprise of RTL code and net list which 

 
Hard Cores: 
Hard cores give us the physical layout information and thereby their performance can be 
predicted. They are technology dependent modules and are highly optimized in terms of 
area. One and only set back is that hard cores can never be customized for a particular 
design process and hence their modification flexibility is less as compared to soft cores.  
SOC comprises of a number of cores that can be possibly on the same level (no 
hierarchy) or at different abstraction levels (hierarchical). Cores can also be embedded 
inside other cores. A parent core might have cores embedded within it or it may also 
happen that a child core can also become a parent core with embedded child cores 
commonly known as hierarchical cores. Hierarchy in SOC is shown in Figure 1.3. 

                                        
                                     Figure 1.3 System on Chip Hierarchy 
Embedded cores depict intellectual property in core based SOC and core vendors are 

able to access the core net lists. Cores are often embedded at different layers hence 
requiring a dedicated transport system for data. Then test stimuli are applied to embedded 

HIERARCHIC
AL CORES 

EMBEDDED 
CORES 
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core through that system from the source and we collect the test response from the sink. 
Figure 1.4. It comprises of 

following elements: 
 Test pattern source and sink 
 Test Access Mechanism 
 Core Wrapper 

 
                  
 
 
 
 
 
 
 
         Test access Mechanism                                             Test access Mechanism 
           
 
 
        (TAM IN)                                                                                         (TAM OUT)                                    
 
 

 
Figure 1.4 Architecture of Core Based SOC 
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Test pattern source and sink:  
The test pattern source is the supplier of test stimuli for the cores and the test response 
received at the test pattern sink is compared with the expected response. 
Test Access Mechanism:  
Test Access Mechanism (TAM) is used as a carrier for the test patterns and test responses 
from test source to the circuit under test and from circuit under test to the test pattern 
sink. In order to increase the performance we have to optimize the TAM. 
Core Wrapper: 
 Thin shell around the core termed as core wrapper which is acting as an interface 
between the core under test and its environment. Together with the TAM, core wrapper 
use to form a test access infrastructure for embedded reusable cores.  
 
1.3 SOC TEST PROCESS 
Each individual core in an SOC is surrounded by testing components and may imply 
certain modes of isolation like safe mode, low power mode and bypass mode. SOC test 
involves individual testing of cores and interconnect testing. SOC testing involves the test 
stimuli comprising of test vectors being applied to the chip and the response of the test 
stimuli is compared with the expected response as shown in Figure 1.3. Application of 
the test stimuli to the chip is done using following approaches: 

 Automatic Test Equipment (ATE) 
 Built In Self Test (BIST) 

Automatic Test Equipment:  ATE is basically inbuilt testing of the SOC without any 
additional hardware. ATE inherently compares the output response with the expected 
response obtained through the chip [4]. Any difference found between them leads to a 
detection of a fault. There are complex and high speeds SOC owing to present 
technology.  So, in order to optimize ATE, we can reduce the test time using scheduling 
algorithms or test data volume. Automatic test equipment is shown in the figure 1.5 
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Figure 1.5 SOC Test process [4] 

Built in Self Test:  
In this approach, the testing of the cores can be carried out using the on-chip engine 
which generates the test stimuli and check responses by employing LFSR (Linear 
Feedback shift register) which are basically D Flip flops along with some additional 

comparator. It simplifies the test task for the system integrator but there are some 
limitations. Most cores cannot be tested using BIST because they contain the logic of 
which only around 60% can be tested by employing randomly generated tests. Built in 
self test process is shown in figure  1.6. 

                                                              . 
 
 
 
 
                                                           (As response analyzer)                                         (As response comparator) 
                  ------------------ (as response comparator) --------------------------- (as response analyzer) ----------- 

 
Figure 1.6 Built in Self Test Process 
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So, pre-computed test set is applied to the cores obtained from the core vendors. The core 
vendors have no information about the placement of the core on the chip. They simply 
assume that the terminals of the core have direct access to the test data. It is the 
responsibility of the system integrator to allow the test which is to be applied, i.e. by 
designing a suitable test access mechanism (TAM). 
 
1.4 SOC TEST MODEL 
The recent advancement in IC design technology has made it easier to create extremely 

develop techniques that can minimize the test cost. The test cost is directly dependent on 
test application time whereas test time for SOCs is increasing due to rising complexity of 
chips. So, in order to reduce the test time there is a need of SOC test model where pre-
defined logic blocks are merged with user defined logic. SOC test model comprises of the 
following main parts: 
 Test Architecture Design. 
 Wrapper Design. 
 Test Scheduling. 

Test Architecture Design: 
Test architecture design acts as a carrier for the transportation of the test data in the SOC 
connecting the cores of the SOC to the test sources and test sink. It can be optimized for 
the purpose of testing or existing structure can be used by optimizing architecture. In 
recent years, various architectures have been proposed for architecture design like 
Multiplexing Architecture [5], Daisy Chain Architecture [5], Test Bus Architecture [6] 
and Flexible-Width Architecture [7]. 
 In the Multiplexing architecture, each core is assigned to all the TAM wires at an 
instance and the core is tested one at a time. So, there is sequential testing of cores. 
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 In Daisy chain architecture, a bypass structure is added in order to reduce the access path 
for each core. Bypass register and 2x1 multiplexer also allows full access to each and 
every core.  
Test Bus is an amalgamation of both Multiplexing and Distribution architecture. Several 
test buses are created from the given TAM width. All cores are tested in an orderly 
manner in each test bus and concurrent testing can also be achieved if there are several 
test buses which are active at a point of time. Figure 1.7 shows the TAM architectures [4] 
proposed in few papers. 

             
Figure 1.7(a) Test Bus Architecture 

               
Figure 1.7(b) Multiplexing Architecture 

                               
Figure 1.7(c) Daisy Chain Architecture 
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Wrapper Design:   
Core wrapper act as an interface between the core terminals and the TAM wires which is 
termed as Test shell around the core. A standard IEEE P1500 Wrapper is proposed in [4] 
which solves the various parameters of core based testing like passing of the information 
about the cores to the core vendors, access the ATE or BIST engine to the core under test 
and optimizes with respect to the multiple conflicts. Figure 1.8 shows the IEEE P1500 
Wrapper with parallel TAM interface. 

 
Figure 1.8 Wrapper with Parallel TAM interface 

Core Wrapper is used to ensure isolation of the core from the nearby environment. In 
view of testing, two modes namely internal test mode (Intest) and external test mode 
(Extest) exist, in which a core wrapper runs. In Intest mode, the each core is tested while 
in Extest mode the interconnections between the two wrappers are tested. In SOC, there 
might be wrapped and unwrapped cores in the system. 
The internal scan chains and the functional input/outputs of the core under test are 
merged by a wrapper. Wrapper design algorithms has been proposed such as Best Fit 
Decreasing [8] so as to arrange the internal elements of the core and thus calculating the 



11  

test time of wrapper core. Let us assume there is core A with 5 scan chains. The length of 
the scan chain is 10,8,5,3 and 2 respectively. Figure 1.9(a) shows the unwrapped core A 
and Figure 1.9(b) shows the wrapped core A. 

 
            Figure 1.9(a)     Figure 1.9(b) 

Figure 1.9 Arrangement of scan chains in (a) Unwrapped core A (b) Wrapped core A. 
Test Scheduling:  
After knowing about the TAM type and wrapper design which are used, now the major 
challenge is test scheduling. Main operation in test scheduling is to assess the order 
where the data to be tested are applied so that each and every cores can be tested in lesser 
time as much as possible. It will definitely prove to be remarkable solution in terms of 
minimum test time. Test scheduling is the arrangement of the cores in different possible 
manners beyond the thoughts. Because of this reason it is also called NP Hard Problem. 
Test scheduling should be performed in such a manner that some of the constraints such 
as power and TAM width should not exceed its maximum value which is provided. 
While doing scheduling, multiple parameters are taken in to consideration. Concurrent 
testing of the cores concept is also taken in to consideration to get optimum test time. 
Rectangular bin packing [9] is showing the way of scheduling the different cores so as to 
get optimum value of test time. Bin packing representation is shown in Figure 1.10. 
There are various scheduling algorithms which are used for scheduling the cores. Some 

Allocation  
of wrapper 
scan chains  
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of the recommended algorithm are genetic [11], Ant colony optimization [12], random 
insertion algorithm [10]  etc. 
 

 
Figure 1.10 Representation of Rectangular Bin Packing assessing cores [9]. 

 
      There are following scheduling techniques which are used for scheduling the cores:  

 Non partitioned testing 
 Pre-emptive testing 
 Partitioned testing 

 
Non partitioned testing: It is a technique in which no new core is subjected for testing 
unless and until all the cores which are being tested in that session have been tested 
successfully. This testing method is shown in figure 1.11(a). 
 
Pre-emptive testing: It is a technique in which a core test can be haulted for some 
time and later get resumed. The necessary condition is that all the cores should be 
tested till the end. This testing method is shown in figure 1.11(b). 
 
Partitioned testing: It is a technique in which a core is scheduled as soon as the testing                                                          
over of the previous one. This technique is shown in figure 1.11(c). 

Assignment of the 
cores should be such 
that it should be 
within the given TAM 
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Figure 1.11(a) Non-partitioned testing [4] 

 
Figure 1.11(b) Pre-emptive testing [4] 

 
Figure 1.11(c) Partitioned testing [4] 

 
 
 



14  

1.5 SOC TEST CONSTRAINTS 
In scheduling process, enormous amount of test data volume is one of the major 
challenge which leads to the large test application time. So to overcome this problem 
concurrent testing of cores is performed in modular fashion for SOCs. While going for 
concurrent testing concept, there are few important parameters that should be taken in to 
care for scheduling. These essential parameters are explained [8] as follows: 
Power Constraint: 
Power dissipation is one of the major factors to be confronted with, for the submicron 
integrated circuits. By increasing functionality to the ICs, there is a risk due to increase in 
temperature and thermal stability of ICs. Due to increase in temperature, performance 
may get affected and reliability also reduces. Power consumption is basically divided in 
two parts in VLSI: One is dynamic power dissipation and another one is static power 
dissipation. Dynamic power dissipation is due to the rapid switching activities and the 
static power dissipation is due to the increase in the leakage currents. 
Dynamic power dissipation lead over in terms of chip power consumption in VLSI SOCs 
Switching activity performed while doing the testing operation is very rapid as compare 
to the normal operations performed. On some occasion, the value of power dissipation 
while performing testing is larger beyond the expectation. It should not damage the chip 
in any respect. In SOC testing, the total power consumed while doing testing of the cores 
is constant. So that total power dissip  
TAM assignment:  
Another parameter is TAM assignment in which test data are being assigned to all the 
cores via TAM wires. However, TAM wires are not large in number but there are large 
numbers of inputs wire, outputs wires and bidirectional pins in SOC. Testing of all 
different cores cannot be done simultaneously. Each and every core must be given the 
TAM wires for performing the testing. TAM assignment is very important parameter for 
scheduling purpose and proper utilization of the width should also be done.  
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Precedence Constraint: 
In SOC testing, it is seen that sometimes order of testing the cores is predefined and all 
the cores must be tested in that particular order. Therefore, scheduling must be done so 
that the order will be maintained. 
Hierarchical Constraint: 
In core based SOC, there is a concept of hierarchal cores in which cores are placed in 
such a manner so that cores are embedded inside the core or in the system. There is a 
child core which is present inside a parent core. This embedding of cores results in huge 
structure of the system whose testing will be a major challenge. While going for testing, 
many times testing of child core is done before testing the parent core by utilizing the 
same TAM wires. 
Test data volume: 
The test data volume depends on structure of the chip design. Mostly the chips designed 
are complex. As the complexity increases, test data volume also increases in huge 
amount. Thus, a cost effective technique should be used in order to suppress the cost. The 
mechanisms which can be used to reduce the cost are such as data compression and 
compaction.  
 

 1.6 THESIS OVERVIEW 
This chapter defines various System on Chip design model and some preliminary issues 
related to testing of core based SOCs. The further organization of the thesis is as follows: 
 Chapter 2 presents the previous work done in core based SOC testing and gaps in 

these work that have led to an idea behind pursuing my thesis work. 
 Chapter 3 presents my work on SOCs test time optimization using scheduling 

algorithm. 
 Chapter 4 shows the simulation results and the comparative analysis is done. 
 Chapter 5 concludes this thesis and discusses the future scope of my work. 
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CHAPTER 2  
LITERATURE REVIEW 

 In this chapter, previous work analysis is done. Under this section, an analysis of 
previously proposed test scheduling algorithms is done so as to develop a new and 
efficient test scheduling algorithm. Wrapper design as well as TAM optimization 
techniques is also described in brief. 
2.1 MINIMIZATION OF TEST TIME 
Test time is a major hurdle in the designing of an optimized test solution of SOC. The 
enormous amount of test data and an ever increasing design intricacy in core based SOCs 
lead to a prolonged test times. The analysis of Test time takes place in [13] and [14] 
which were introduced by Larsson and Fujiwara and in that test time is computed by the 
employment of multiplexing architecture (MA) along with distribution architecture (DA). 
In multiplex designing, all TAM bandwidth is relinquished to each and every core that 
means testing takes place in a predefined manner. Whereas in distribution design all the 
TAM bandwidths are shared among all cores as a result each core gains some exclusive 
portion of the TAM bandwidth. The result comes out to be that, the MA is not efficient 
with increasing TAM width and on the other hand DA is less efficient when TAM width 
diminishes or decreases. 
Primary factors responsible for rising of test time: 
 A dramatic increase in the transistors being used per chip. 
 Test vectors are not to be applied directly onto the core because the logic behind that 

are isolation rings which are required around core based systems. 
 From various core to core, the test method use to differ. 

Test time minimization issue can be realized by focusing on one of the issue mentioned 
below: Core test time minimization and core access time minimization. 
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2.1.1 CORE TEST TIME MINIMIZATION 
Diminution in core test time is associated to the test scheduling of cores which are 
required for testing. Agenda of algorithms have been incorporated in [8][35][9][10][11] 
through wrapper as well as TAM optimization[20][23]. Pair of TAM/wrapper 
optimization can be interspersed through test scheduling algorithms which is done in 
[9][10][11]. The testing of the core based system can be executed through the following 
mechanisms:  
 Internal testing through BIST. 
 External testing through ATE. 
 Amalgamation of BIST and ATE. 

With the employment of the BIST methodology, each core gets a predefined logic which 
supplies towards as the BIST pattern. In the technique of external testing, the test patterns 
are transmitted after assigning test buses to the multiple cores. The core to be chosen and 
their optimal scheduling needs to be done for achieving minimal test time. 
2.1.2 CORE ACCESS TIME MINIMIZATION 
One of the primary concerns while doing test scheduling is related with the access 

mechanisms which can be employed during the assignment of test patterns to a core. One 
mechanism is to incorporate an additional test circuit around the core for scheduling the 
core under test. As an instance, a multiplexer can be employed at each core input so that 
feed can be straightaway available from system input. A ring which is isolated can be 
infused to access the cores serially or linearly. Another mechanism employs bypass mode 
for cores to limit the issues to one of the searching path from the fundamental inputs to 
the core inputs and thereby from the core inputs to the system outputs. In the last 
approach, there is an isolation of cores from the surroundings due to the usage of 
dedicated bus of a test rail around a core for the movement of test data. 
Core test time denoted by i usually built up with test bus width that is w to which it is 
appointed. Cores test time is associated with the longest length of internal scan chain of 
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each and every core. With the increase in the number of TAM, the value of the longest 
scan chain diminishes. The internal scan chains are selectively arranged using the 
wrapper technique .Calculation of test time usually done through the equation given in 
[20] and [8].  
 
                         Ti (wn) = (1+max( sii, soo)). ti + min ( sii, soo).                                          2.1 
 

where,  sii = input scan chain length obtained using wrapper algorithm. 
            soo = output scan chain length calculated obtained using wrapper algorithm. 
            ti = total number of test patterns  for core m. 
Further reduction in test time can be achieved if the values of si and so are taken care of. 
In [8] authors generally presented two heuristic algorithms to solve and rumble the 
partitioning of chain algorithm.  
2.1.2.1 BEST FIT DECREASING ALGORITHM [8] 
Best Fit Decreasing algorithm contains following essential parts are described below: 
 Arrange the internal scan chains among a minimum number of scan chains so that 

longest wrapper scan chain length can be minimized. 
 Assign the functional inputs to the internal wrapper scan chains. 
 Assign the functional outputs to the internal wrapper scan chains. 

This algorithm basically does the arrangement of the different scan chains of a given core 
in to known number of wrapper chains and then calculated the value of test time. The 
main requirement is to handle the wrapper scan chains such that the largest wrapper chain 
can be lower down. Pareto-optimal points concept is also of great use and plays a crucial 
part in lowering down the test times of each core. It makes use of the decreased wrapper 
chains for the particular time. 
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                        Figure 2.1 Wrapper scan chain arrangement in a core [8] 
As an illustration, consider a core with four internal scan chains of length 32, 8, 8 and 8 
and 4 functional inputs with 2 functional outputs. The elements which gets scanned can 
be accredited with at least two wrapped scan chains and max{si,so} and it can be 
calculated as 32. The wrapped chain arrangement is represented in Figure 2.1. 
  
2.2 TAM OPTIMIZATION [21] 
The TAM Optimization problem is considered to be a NP-Complete problem as proposed 
in [21]. Wrapper Design and wrapper design algorithm was built in [22] and [23]. Integer 
Linear Programming model was explained in [24] known as test bus assignment problem 
by combining dispensation of test buses among respective test buses of cores.. A new 2D 
rectangle packing problem is also shown in Figure 2.4 for wrapper and TAM 
optimization based which is basically upon ILP modeling with fork and merge technique 
using pareto-optimal points into consideration which is already proposed in [25],[26] and 
[27]. Also it is seen in [33] that a core clustering technique for concurrent testing of the 
cores has been illustrated as 3-D rectangle bin packing problem simultaneously.  
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2.2.1 FORK AND MERGE APPROACH [35] 
As the name implies it refers to a technique in which test buses can fork and merge 
between cores. Core tests are represented as rectangular bins where their height 
represents TAM width and length represents test times. The fork and merge technique is 
advantageous towards reducing the test time. The main boon of fork and merge over test 
bus approach is that there is a very low chance of idle time which implements the 
wastage of memory and will be lowered as compared to that in the initial cases. In [35], 
fork and merge technique are employed for test scheduling. Test scheduling is considered 
with TAM optimization and considering power constraints. This technique can be better 
understood with Figure 2.2.  

 
Figure 2.2 Fork and merge technique [35] 

2.2.2 TEST BUS APPROACH [35] 
In this technique, the whole TAM width gets divided into test buses with varying widths. 
While scheduling, different cores gets allocated different test buses in correspondence to 
their TAM widths. If the TAMs are of the same width the core is assigned to the TAM 
having less test time i.e. first preference is given to TAM width followed by test time. 
The core assignment in Test buses plays a pivotal role. This approach is highly beneficial 
in multi level SOCs, as each level can be assigned a particular Test bus and the core at 
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that level can only be tested through that Test bus [35]. The example of this approach is 
shown in Figure 2.3. 
                    
Test bus 2 
 TSV 
Test bus1 
 IN                                                                                                                 OUT 

Figure 2.3 Test buses in double layer SOC 
 

2.3 TEST SCHEDULING 
Test scheduling is basically a NP-Hard problem which is already described in [4] and it 
can be elucidated through the combinational optimization algorithm by making use of 
wrapper design and TAM optimization algorithms in [18] and [25]. Different type of 
optimization algorithms have been discussed below: 

             TAM WIDTH 
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Figure 2.4 Two dimensional Rectangle bin packing representation 
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2.3.1 GENETIC ALGORITHM [29] 
Genetic Algorithm is basically an algorithm which is based on mutative ideas of natural 
selection and genetics. These are the part of progressive computing, an ever increasing 
arena 
all about evolution  
to solve optimization problems. In [28] a test scheduling scheme for core-based SOCs 
based on genetic algorithms is presented. The particular set of tasks are provided, a set of 
test resources is also given which is generally dedicated test access architecture. Test 
scheduling is carried out in order to decrease the total test application time. The result is 
more effective as differential evolution and self-robust mutation are taken into 
consideration in this algorithm 
 In [29] parallel elite genetic algorithm is employed with peak power as constraint in 
order to reduce the test application time. Similar to as offspring are generated using 
parent A and parent B followed by crossover and then mutation. This algorithm is tested 
in 2D SOC benchmark circuits and it has proved to be one of the sufficient scheduling 
algorithms. In [36] an efficient approach for the test scheduling problem of core-based 
systems is established on genetic algorithm with power as parameter constraint is 
proposed. In genetic core test scheduling formulation, there is chromosomal portrayal, 
selection and reproduction, genetic operators (mutation, crossover and fill gap). During 
each generation, chromosomes are selected to reproduce; as a result new test schedules 
are formed known as offspring.  

 
Figure 2.5 Simple genetic algorithm [29] 
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2.3.2 ANT COLONY OPTIMIZATION [30] 
Ant colony optimization is based on real ant colony which is also described in [30]. This 
is all abo they uses to search the 
smallest path from their nest to the food. While seeking new tracks for their food, ants 
use to excrete a hormone called pheromone. Ants smell that pheromone and usually 
choose the track which has very high concentration levels of pheromone as compare to 
other paths. During this procedure, ants may find the smallest way due to pheromone 
trails which was left by the previous ants from their nest to the food and vice versa shown 
in Figure 2.6.  
Ant colony Optimization has further demonstrated the solutions to various NP problems. 
ACO based test scheduling has enhanced the chances of achieving better solutions in a 
very small interval of time. In [31], ACO scheduling algorithm is described and the test 
scheduling issues have been formulated as a rectangle bin packing problem and 
incorporated ACO to cover more number of solutions space in order further increase the 
chance of getting optimal solutions.  

 
Figure 2.6 Ant colony optimization [30] 
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2.3.3 SIMULATED ANNEALING ALGORITHM [32] 
It is one of the optimization techniques which is also used for scheduling the cores. 
Simulated annealing (SA) algorithm can be used to solve 2D bin packing problem where 
we use to optimize the wrapper design and TAM design.  SA algorithm minimizes the 
test time by selecting the best layout among the available layouts of every cores. In this 
algorithm, while performing scheduling, a data structure known as sequence pair is made 
of use for floor planning. SA procedure is proposed in [32]. In this algorithm optimal test 
schedule is found by changing an initial sequence pair and by changing the width of the 
core wrapper.  
 
2.3.4 RANDOM INSERTION ALGORITHM [32] 
In this algorithm, cores are represented in rectangular form in [16] and [26]. The height 
represents the value of TAM width assigned and the width represents the test application 
time. For scheduling of the cores, we take into account the test application time for each 
core as a constraint parameter.  
In [32] SOC test scheduling, sequence pair representation is proposed. The relative 
position of the cores in rectangular form remains unchanged even by inserting a new 
element into arbitrary positions of sequence pair. So, it is possible to schedule a new core 
without breaking down the results that are already obtained. Thus, the significance is that 
only two permutations are more than enough to represent the placement of cores in 
rectangular form. The main drawback of this algorithm is that a stark increase is observed 
in the total number of possible sequence pair as the number of core increases. 
 
2.3.5  3-OPT ALGORITHM [43] 
The 3-Opt is a simple local search algorithm for solving the TSP in optimization. 3-Opt 
algorithm is a special case of the k-opt algorithm [45]. In this algorithm, 3-Opt analysis 
involves deleting three connections (or edges) in a network (or tour), reconnecting the 
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network in all other possible ways, and then evaluating each reconnection method to find 
the optimum one. This process is then repeated for a different set of three connections 
[45]. To reduce the length of the best tour, different algorithms such as GA, ACO are 
used. When these algorithms try to find the best tour, they fall in local minimum and this 
leads to a lack of obtain lengths of the best tour. To eliminate local minimum situations, 
3-Opt algorithm is used [45].  
 
2.3.5 PARTICLE SWARM OPTIMIZATION (PSO) ALGORITHM [43] 
This is one of the algorithms which were used for scheduling the different cores of SOC. 
PSO is a population-based optimization algorithm developed by Kennedy and Eberhart 

 searching for food [44]. Each individual in 
the swarm is called a particle and points to a solution in search space. Particles have 
dimensions similar to the number of parameters whose values are desired to be found in a 
problem. Particles are randomly distributed in search space at first. Each particle 
generates a fitness value depending on the objective function of the problem. 
 
2.4 HIERARCHICAL CORE BASED SOC TESTING [35] 
Consideration of hierarchical cores can be carried out at same level by employing the test 
mode whereas TAM assignment for cores embedded inside a hierarchical core is not 
dependent by design hierarchy. The scheduled test of wrapper design and TAM 
assignment done for flat ierarchical core SOCs. The 
hierarchical rule is in the manner that the application of the test must takes place to the 
parent and child core simultaneously. 
 A multilevel TAM architecture is described in [34] which presently show symmetrically 
SOC techniques can be worn for multi level TAM augmentation in hierarchical core 
SOCs with the help of ILP formulation for given bus width. 
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 In [35], optimization of test time takes place for hierarchical cores with two approaches 
for effective testing of SOC along with hierarchical cores is proposed. In the initial 
approach, the problem is solved through the extension of a conventional wrapped design 
and this accession leaves total flexibility for optimization of TAM as well as test 
scheduling. The secondary approach usually based on unaltered wrapper design for the 
parent cores that usually operates on two disjoint modes for the testament of the parent 
and child cores. In [37] optimized hierarchical SOC test architecture model is basically 
presented. This generally simplifies the multilevel TAM optimization. 

 

 
Figure 2.7 Example of (a) hierarchical core (b) Its test hierarchy tree [35]. 
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CHAPTER 3 
PROPOSED SCHEDULING TECHNIQUE 
This chapter basically defines the technique/algorithm for scheduling the cores of 
different System on Chip. The main purpose of this is to give brief overview of the 
technique used for scheduling the cores. 
 
3.1 BACKGROUND AND PROBLEM FORMULATION 
 
Some of the issues or gaps which were found from the prior work are discussed in this 
section in problem form and several remedies have introduced in order to overcome it. 
1. PC: Determine : 

(i) assignment of different cores for the allotted value of TAM and power. 
(ii) test time minimization of  SOC after scheduling of different cores.  
Taking a SOC which is containing N cores with their particular TAM widths whose 
sum will be W TAMs. If bus architecture is introduced for TAM then W TAMs will 
have widths as w1, w2 wW.  Let us consider that core m is selected for scheduling 
to TAM n, the test time to test core m can be given as Tm (wn) clock cycles. The test 
time of the core is calculated as:  

 
                        Ti (wn) = (1+max( sii, soo)). ti + min ( sii, soo).                                          3.1 
 

Where,  sii = input scan chain length obtained using wrapper algorithm. 
            soo = output scan chain length calculated obtained using wrapper algorithm. 
            ti = total number of test patterns for core m. 

let xii be a variable of value 0 or 1 (where   and   It can be 
defined as follows: 

                           
               xmn =               1, if core m is scheduled using TAM n. 
                               0, if core is not scheduled at all.                                                        3.2 
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Therefore, the time needed to test all cores using W TAM is given as  
        
                    Test time of all cores =                                                   3.3 
       
    All the TAMs can be used for testing therefore the overall test time can be given as 
                      Total test time = max  ( )                                     
 
 
3.2 SCHEDULING ALGORITHM 
 
A major challenge is test scheduling while testing the core based SOC which defines the 
order in which cores are needed to be checked. Test scheduling of cores even for a simple 
SOC is basically equivalent to NP-hard problem. An efficient scheduling approach must 
minimize the overall test time of the cores while considering resource constraints among 
all the cores due to the use of different TAMs wire, BIST engines and power constraint. 
The minimum test time can be achieved by taking maximum test time of individual cores. 
Hence, here in we have worked upon the efficient way by which all cores can be handled 
by making optimum use of TAM width, thereby saving power which plays a very pivotal 
role in determining the efficiency of any algorithm. Power dissipation is a function of 
time and mainly depends upon switching activity of test vectors to the system. SOC in 
test mode can dissipate around twice the power as they do in normal mode, since all the 
cores do not operate normally in parallel and can be tested concurrently in order to 
minimize test time. A divide and conquer based approach is being employed basically to 
reduce increase in dynamic power dissipation. Total SOC test time means the time taken 
to test all the cores which are embedded in the chip. The user has no idea of their 
placement inside the chip, which needs to be minimized to the maximum extent. 
Therefore, power constrained is required for test scheduling to limit some amount of 
concurrency. There had already been many approaches defined earlier for test scheduling 
of core based SOCs. In this chapter, different other but an efficient method is being 
defined for SOC test scheduling. 
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After doing the analysis on previous work done, some of the modifications have been 
done in the algorithm to get optimum test time. Greedy algorithm is proposed for test 
scheduling problem. Already the test time calculation of each core is being calculated 
using BFD algorithm which is also described in [8]. Wrapper design algorithm is used for 
computing test time of each core and explained in [8]  whereas scheduling of all the cores 
are done using greedy algorithm. 
 3.2.1 EFFICIENT TEST SOLUTION TECHNIQUE (ETT) USING GREEDY 
ALGORITHM 
Greedy algorithm basically solves the problem of choosing local constraints at each and 
every stage. This algorithm might provide the better optimal solutions that can be used as 
global optimal solutions for particular time instant. It is one of the important test 
scheduling technique used for different cores. Greedy algorithm will provide appropriate 
test time to get minimum test length at last.  
Scheduling of different cores of different bench mark circuits are performed using greedy 
algorithm which is done using test bus architecture. It is based on TAM design 
architecture. This algorithm will arrange the different cores greedily according to the 
value of their bandwidth and will not cross the maximum value of power. The test time of 
each core is provided with the help of Wrapper design techniques, in which various 
modifications had been done already in order to calculate the minimum test time of each 
core.  
The algorithm greedily arranges the cores with respect to their bandwidth and schedules 
the cores with total bandwidth and total power. The total test time can be calculated and 
stored. Then after that, another schedule is formed by re-arranging the cores e.g. with 
respect to the test time of cores or power of the cores. The new test time is compared with 
the previous one and the lowest test time is considered to be the best schedule. 
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Figure 3.1 Three Cores scheduled simultaneously initially 

             
In this algorithm, three partitions have been done for arrangement of the cores. All the 
cores are arranged in such a manner that it should not exceeds the maximum power limit 
and maximum TAM width. For different TAM width, cores are being scheduled for 
getting overall test time. Total width is divided into various partitions for scheduling of 
the different cores to calculate the optimum value of test time of the cores.   
In the above figure 3.1, three partitions are done and initially three cores are scheduled of 
different TAM width with different power and test time values. Here all the three cores 
are being tested simultaneously and as soon as the testing of any of the core is over, other 
core of that particular TAM width will be added (scheduled) to that particular core. It is 
called Partitioned scheduling. Scheduling basically means that sequence of core for given 
TAM. Among different scheduling scheme, partitioned scheduling is preferred for 
scheduling. This scheme will provide better results when compared with other schemes.    
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Figure 3.2 Different Cores scheduled as the testing of any core is completed 

The representation of eight cores in rectangle bin packing form is shown above in the 
figure 3.3. Total partition value is divided into three partitions and cores of different 
width are represented pictorially which are scheduled are in the figure 3.3. The y-axis 
represents the bandwidth of the particular core and the x-axis represents the value of 
overall test time of the entire core. The cores should be tightly bounded in order to get the 
optimum value of test time. The scheduling technique should not cross the maximum 
power and bandwidth which is being provided while using this algorithm. 
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i) Greedy Algorithm for scheduling different cores while considering lower value of   
Power is shown below: 

 
Step1. Initialize the value of TAM width. 
Step2. Construct three partitions of TAM width value as tw1,tw2  and tw3 and take the test 

time of different TAM width partitioned for scheduling of the cores. 
Step3. Different possible combination is made using  for loop for the particular TAM 

width value. 
             for i= 1; i<=n/2                      //   outer loop 
             {l=  n-i ;                                  // where , n is value of TAM width 
             for j= 1; j<=l/2                     //   inner loop 
             {k=  n-i ;}}                             // where  i,j,k,l are integers 
           Minimum test time tt  is taken among all the possible combinations  
           where, tt is sum of the test time of the cores. 
                       ttj ( j  k) represents test time of each core. 
 
Step4. Sort the value of power P of different cores in descending order using bubble 

sorting technique and select the two cores of maximum power along with the core 
of minimum power for scheduling. Update start time as well as end time. As 
testing of any core is completed the fourth core of minimum power P is added. 

Step5. Sort the value of test time tt of remaining cores in descending order and 
           schedule the cores from higher to lower test time tt. Update the respective cores 
           accordingly and update the test time of each partition. 
Step6. Repeat step 7 until all the remaining cores get scheduled. 
Step7. Final test time tt value is the minimum test time tt among all the possible 
            Combinations. Test time tt is represented by the partition with maximum value. 
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Flowchart: 
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Figure 3.3 Flowchart representation for proposed test optimization technique with power 
constraints 

Schedule three cores such that:  
Power   P= P1+ P2+ Pmin  <Pmax    and         
Test time T= tt1|| tt2||tt3       

Arrange the value of test time of 
remaining cores in descending order 

Schedule the remaining cores one by 
one until all the cores are accessed 

Update the value of test time 
respectively at each stage 

     Get the Final value of test time 

    Is all the 
possible Value 
of TAM width     
is done? 

END 
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ii) Greedy Algorithm for scheduling different cores while considering higher value of   
Power constraint is shown below: 
 
Step1. Initialize the value of TAM width. 
Step2. Construct three partitions of TAM width value as tw1,tw2 and tw3 and take the test 

time of different TAM width partitioned for scheduling of the cores. 
Step3. Different possible combination is made using  for loop for the particular TAM for 

i= 1; i<=n/2                      //   outer loop 
            { l=  n-i ;                                  // where , n is value of TAM width 
             for j= 1; j<=l/2                     //   inner loop 
             { k=  n-i ;}}                             // where  i,j,k,l are integers 
           Minimum test time tt value is taken among all the possible combinations  
           where, tt is sum of the test time of the cores. 
                       ttj ( j  k) represents test time of each core. 
 
Step4. Sort the value of test time tt of different cores in descending order using bubble 

sorting technique. 
Step5. Select the three cores of maximum test time tt of different partition values and 

schedule them. Update start time as well as end time. Total value of the power P 
will not be exceeding Pmax. 

Step6. As testing of any core is completed remaining cores are scheduled from higher to  
           lower test time TT. Update the respective cores as well as the test time of each  
           partition.  
Step7. Repeat step 6 until all the remaining cores get scheduled. 
Step8. Final test time tt  is the minimum test time among all the possible cominations. 
           Test time tt is of all scheduled cores are represented by the partition with larger 
           values. 

 
Earlier, it had been seen that in case of two partitions technique, proper utilization of 
TAM width was not there. Because of which the overall test time used to increment and 
other constraints also gets affected. Here, the care of this thing has been taken ito 
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consideration and by using all the TAM width and other parameters, the overall test time 
for different benchmark circuit have been calculated.  
Flowchart: 
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 Figure 3.4 Flowchart representation for proposed test optimization technique 
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         CHAPTER 4 
 SIMULATION RESULTS 

Several experiments have been done in order to get the better results for different SOC. 
Overall test times have been calculated using greedy algorithm which is discussed in 
previous chapter. Test scheduling algorithms are used to calculate the optimum test time 
for core based SOC system. While doing this, different parameters are also taken in to 
consideration such as Power and TAM width. In this, the results are shown which is 

and 
hierarchical cores are considered for scheduling purpose. Scheduling technique and the 
algorithm which is mentioned above is used to get minimum possible test time for 
different SOC. Greedy algorithm is the Efficient test technique (ETT) through which 
optimum values of test times are obtained. The usage of hard core is done whose test time 
is known from wrapper design technique. The experimental results for SOC d695, 
p22810 and p93791 have been shown in this chapter.  
4.1 TEST TIME RESULTS USING GREEDY ALGORITHM 
In this section, results of test scheduling are shown in the table. While performing 
calculation wrapper design results for flat cores and hierarchical cores are taken into 
consideration as an input in test scheduling algorithm and using these results scheduling 
of the cores is done and overall test time is being calculated for different SOC. The 
Wrapper design results using enhanced algorithm is shown below in the figure for SOC 
d695, p22810 and p93971 which is further taken as an input file for scheduling purpose. 

Figure 4.1 Wrapper design output file of d695 



39  

 
Figure 4.2 Wrapper design output file of p22810 

 
Figure 4.3 Wrapper design output file of p93791 
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Figure 4.4 Wrapper design output file for hierarchical cores of p22810 
 

 
 
 

Figure 4.5 Wrapper design output file for hierarchical cores of p93791 
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Results of test scheduling using greedy algorithm are shown in the table. The overall test 
times for SOC d695, p22810 and p93791 are described below in the table. Test times 
have been calculated for different SOC using greedy algorithm. The test times are being 
calculated by using scheduling technique for the hard cores while taking TAM width and 
power constraint. Various inputs are taken for different TAM width for getting optimum 
value of test time. Here inputs for TAM width equal to 16 with power value is shown in 
the figure 4.4, 4.5 and 4.6 for d695, p22810 and p93791 which are basically flat SOCs. 
These values are subjected to algorithm for getting the optimum value of test time for the 
TAM equal to 16. Likewise numbers of combinations have been subjected and best 
possible result is being calculated for different value of TAM width. 
 

         
                          Figure 4.6 Input data of d695 with power constraint 
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.                

Figure 4.7 Input data of p22810 with power constraint 

 
.        

Figure 4.8 Input data of p93791 with power constraint 
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         For different TAM width values and for different power constraints, the test time are being 
         calculated is shown below in the table for different SOC like d695, p22810 and p93791. It 
        has been found that the results shows the optimum value of test time as compare to some  
         some prior work done. While doing scheduling, hard cores test times have been considered. 

 
 
Table I: SOC d695 Test time for various Power constraint 
TAM Width Pmax=1800/1500 Pmax=2000 Pmax=2500 

W=64 14462 14462 12972 
W=48 19397 19397 16922 
W=32 25935 25935 24200 
W=24 30837 30837 30608 
W=20 38466 38466 34729 
W=16 50471 50471 48497 
W=12 64334 64334 59896 

 
Table II: SOC p22810 Test time for various Power constraint 
TAM Width Pmax=5000/6000 Pmax=8000 Pmax=10000 

W=64 135965 126167 126167 
W=48 232578 218620 218620 
W=32 278527 267809 267809 
W=24 338167 326071 326071 
W=20 375704 377257 377257 
W=16 456754 438301 438301 
W=12 591009 573939 573939 
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Table III: SOC p93791 Test time for various Power constraint 
TAM Width Pmax=20000 Pmax=25000 Pmax=30000 

W=64 443094 443094 360140 
W=48 581540 581540 550551 
W=32 911832 911832 905535 
W=24 1290195 1290195 1199937 
W=20 1449474 1449474 1422714 
W=16 1841433 1841433 1757802 
W=12 2392978 2392978 2324929 

          
 
Graphical representation of above result is shown below: 

 
Figure 4.9 Graphical representations of Test time vs TAM width for SOC d695 
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Figure 4.10 Graphical representations of Test time vs TAM Width for SOC p222810 

 
 

 
 

Figure 4.11 Graphical representations of Test time vs TAM Width for SOC p93791 
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          Table IV: SOC p22810/p93791 Test time under hierarchical constraint 
   TAM Width              p22810                     p93791 
  8   1058399   2257270 
 12    675625   2185624 
 16    596445   2155542 
 24    529890   2093169 
 32    476721   1868133 

             
 
4.2 RESULTS COMPARISON 
 
In the following table, results are compared with few papers such as [35] and [8]. It is 
seen that the test time of various SOCs have been reduced while comparing with [35] and 
[8]. The test time calculations are shown for three benchmark circuits using hard cores. 
Table 4.3,4.4 and 4.5 represents the test time of SOCs d695, p22810 and p93791 using 
hard cores and power constraint. 
 
4.2.1 Comparison of Greedy with E.J Marinssen [35] 
For different SOCs such as d695, p22810 and p93791 comparison is done with [35]. It 
has been observed that the test times obtained from efficient test technique (ETT) are the 
optimized values. For different SOCs and for different TAM width value, comparison is 
done with [35]. The results compared are shown below in the following tables: 

            Table V: Test time comparison between ETT and [35] for SOC p22810 
TAM Width ETT Modified Schedule 

[35] 
Modified Wrapper Cell 
[35] 

16 438301 621895 466667 
32 267809 493290 229899 
64 126167 296445 133405 
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            Table VI: Test time comparison between ETT and [35] for SOC p93791 
TAM Width ETT Modified Schedule 

[35] 
Modified Wrapper Cell 
[35] 

16 1841433 3363819 1792354 
32 911832 1504806 917246 
64 443094 1908099 458600 

             
Graphical representation of results compared in above table: 
 

 
 

Figure 4.12 Comparison of ETT with [35] graphically for SOC p22810 
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Figure 4.13 Comparison of ETT with [35] graphically for SOC p93791 
 
 
4.2.2 Comparison of Greedy with J. Pouget[8] 
For different SOCs such as d695, p22810 and p93791 comparison is done with [8]. ]. It 
has been observed that the test times obtained from efficient test technique (ETT) are the 
optimized values. For different SOCs and for different TAM width value, comparison is 
done with [8]. The results compared are shown below in the following tables: 
 
Table VII: Test time comparison between ETT and [8] for SOC d695 
Max Power  TAM Width=32 TAM Width=48 TAM Width=64 
 ETT    [8] ETT    [8] ETT     [8] 
 Pmax=1800 25935 42450 19397 32054 14462 23864 
 Pmax=2000 25935 42450 19397 29106 14462 21942 
 Pmax=2500 24200 41847 16922 29106 12972 21931 
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            Table VIII: Test time comparison between ETT and [8] for SOC p22810 
Max Power  TAM Width=32 TAM Width=48 TAM Width=64 
  ETT     [8] ETT     [8] ETT    [8] 
 Pmax=6000 278527 475951 232578 346461 135965 250487 
 Pmax=8000 267809 473418 218620 352834 126167 236186 
 Pmax=10000 267809 473418 218620 352834 126167 236186 

 
            Table IX: Test time comparison between ETT and [8] for SOC p93791 

Max Power  TAM Width=32 TAM Width=48 TAM Width=64 
  ETT    [18] ETT     [18] ETT [18] 
 Pmax=20000 911832 1827819 581540 1220469 443094 957921 
 Pmax=25000 911832 1827819 581540 1220469 443094 965383 
 Pmax=30000 905535 1827819 550551 1220469 360140 945425 

  
Graphical representation of results compared in above table: 

 
 

Figure 4.14 Comparison of ETT with [8] graphically for SOC d695 
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Figure 4.15 Comparison of ETT with [8] graphically for SOC p22810 

 Figure 4.16 Comparison of ETT with [8] graphically for SOC p93791 
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CHAPTER 5 
CONCLUSION AND FUTURE WORK 
In this report, scheduling algorithm have been discussed for 2D SOCs, in which various 
constraints such as power and TAM width have been taken into consideration. The results 
for three different SOCs have been calculated and also mentioned in the previous chapter. 
The results show valuable decrease in the test time and after comparing it with previous 
paper in chapter 4, the results seems to be productive.  
Greedy algorithm has been proposed for scheduling purpose which is basically a heuristic 
algorithm. It can be further improved by implementing some new logic. Using this 
algorithm, test times have been reduced to an extent while considering other constraints. 
Simulation results show the optimized value of test times. 
The future work in field of test scheduling can be done by considering latest techniques 
such as PSO, 3 Opt algorithms. Algorithms can be defined for 3D SOCs in which a new 
constraint is introduced i.e. TSV constraint. By using 3D concept, test times can further 
be reduced. It will be going to play a crucial role in decreasing the test time of different 
SOCs.  
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