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ABSTRACT

The advancement in design methodologies and semiconductor process technologies has
led to the development of systems with excessive functionality implemented on a single
die, called system-on-chip. A set of pre-designed and pre-verified design modules in the
form of soft, hard or firm cores brought from vendors are integrated into a system using
user-defined logic (UDL) and interconnects. Complex systems can be implemented
having digital, analog and 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 roadmap 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. Testing of SOC is costly due to large data volume
introduced due to increase in the integration and interconnection intricacies, huge power
dissipation during test, expensive test generation procedures, heterogeneous mix of cores

and their long test application times.

Many techniques have been proposed to reduce the cost by test scheduling, reducing test
data volume and optimizing test design mechanisms. Test generation can either be done
off-chip by employing ATPG (Automatic test pattern generation) algorithms running on
expensive automatic test equipments or on-chip using a built-in hardware called BIST
(Built In Self Test). BIST offers the benefits in case if on-chip the availability of TAM is
less. However BIST ready cores are not always available, also the multi site testing of
SOC for test time reduction makes the ATE more promising. TAM optimization and test
scheduling have been the integral part of the research and test optimization for past three

decades. Test scheduling is proved to be an NP-hard problem.

This paper proposes a greedy algorithm based approach and enhanced ant colony
optimization algorithm based approach for test scheduling to reduce the test time subject
to test power, bandwidth and hierarchical constraint. We can reduce the problem into a
rectangle packing problem. Experimental results for ITC’02 benchmark circuits show the
optimal results achieved. The proposed schemes are applied on three benchmark circuits
from Duke University and Philips and they are d695, p22810, p93791.



TABLE OF CONTENTS
CERTIFICATE
ACKNOWLEDGEMENT
ABSTRACT
i LIST OF FIGURES
LIST OF TABLES

ABBREVATIONS

CHAPTER 1. INTRODUCTION
1.1 MOTIVATION
1.2 CORE BASED SYSTEM ON CHIP

1.3 SOC TEST PROCESS

1. ASOC TEST MODEL.....c.oiiiititi e

1.5 SOC TEST CONSTRAINTS

1.6 THESIS OVERVIEW

CHAPTER 2. LITERATURE REVIEW . ... i

2.1 TEST TIME MINIMIZATION

2.1.1 CORE TEST TIME MINIMIZATION

2.1.2 CORE ACCESS TIME MINIMIZATION

2.2 TAM OPTIMIZATION

2.2.1 FORK AND MERGE APPROACH...........cccciiiiiiiiiiiiinn,

14

14

16

.16



2.2.2 TESTBUS APPROACH. .......ciiiiiiiiiiiiiiii 17

2.3 TEST SCHEDULING. ..ottt 18
2.3.1 GENETIC ALGORITHM........coooiiiiiiiiiiie, 18
2.3.2 ANT COLONY OPTIMIZATION.....c.ovveiiiiiiiiiiiiiiienn, 20
2.3.3 SIMULATED ANEALING ALGORITHM........................ 20
2.3.4 RANDOM INSERTION ALGORITHM........ccc.cceieiinnn. 21

2.4 HIERARCHICAL CORE BASED SOC TESTING.........covveviininnnn. 21

CHAPTER 3. DEVELOPMENT OF EFFICIENT TEST SCHEDULING TECHNIQUE

FOR 2D SOC ... ettt 23
3.1 TEST SCHEDULING. ...ttt 23
3.1.1 PROBLEM FORMULATION.......ccotitiiiiiiiiiiiiccieeeae 23

3.1.2 ANALYSIS OF PREVIOUSLY PROPOSED
SOLUTIONS. ... 25
3121 ILP ALGORITHM.. ..o, 25
3.1.2.2 SIMULATED ANEALING......ccccocvviiiiiniiiineennn. 25

3.1.2.3 GENETIC ALGORITHM.........c....eeeviiiiiinnn . 26

3.1.2.4 ACOALGORITHM......ccooiiiiiiiiiiiiiiii e, 26
3.1.3 DEVELOPMENTS IN ALGORITHMS...........ccciiiiinaa.. 27
3.1.3.1 BFD ALGORITHM......c.ccccoiiiiiiiiiiiii, 27
3.1.3.2GREEDY ALGORITHM........cccooiiiiiiiiiiinn 30
3.1.3.3E-ACO ALGORITHM.......cooiiiiiiiiiiiien 37



CHAPTER 4. SIMULATION RESULTS. ..o 42

4.1 RESULTS OF WRAPPER DESIGN ALGORITHM......................42

4.2 RESULTS OF TEST SCHEDULING ALGORITHM................. 46

4.2.1 GREEDY ALGORITHM........oooiiiiiiiiiiiiiie, 46

4.2.2E-ACO ALGORITHM......ccooiiiiiiiiiiiiieie 51

CHAPTER 5. CONCLUSION AND FUTURE WORK............cccoiiiiiii, 54
LIST OF PUBILATIONS. ... 55
REFERENCES. .. ... 56

Vi



Figure No.

Figure 1.1

Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7

Figure 1.8

Figure 1.9

Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4

LIST OF FIGURES

Title name

The number of transistors for Moore’e law vs
Intel processors [4].

Design Flow of modular core based design.
SOC Test Process.

System on Chip Hierarchy.
Architecture of Core Based Test
TAM Architecture Designs [4]
Wrapper with parallel TAM interface.
Arrangement of scan chains in

a) unwrapped core A

Rectangular Bin Packing representation of Test

Scheduling.
Wrapper scan chain arrangement in a core.
Fork and merge technique.
Test buses in double layer SOC.

2D Rectangle Bin packing representation.

b) wrapped core A

Page No.

10

15
17
17

18

Vi



Figure 2.5 3D Rectangle Bin Representation for Scheduling. 13

Figure 2.6 Simple genetic algorithm. 19
Figure 2.7 Ant colony optimization. 20
Figure 3.1  Arrangement if element of parent core. 29
Figure 3.2 Representation of a schedule in rectangle bin packing 30

consists of eight cores.

Figure 3.3 Flow Chart Diagram of Greedy Algorithm 34
Figure 3.4 Flow Chart Diagram of E-ACO. 40
Figure 4.1 a) Wrapper design input file of d695. 41
b) Wrapper design input file of p22810. 42
c¢) Wrapper design input file of p93791. 42
Figure 4.2  a) Wrapper design output file of d695. 43
b) Wrapper design output file of p22810. 44
c¢) Wrapper design output file of p93791. 44
Figure 4.3 Bar Graph plot for core 12 of p93791. Figure 45
4.4 Input data of d695 with power constraint. Figure 4.5 46
Input data of p22810 with power constraint 46
Figure 4.6 Graphical representation of test time with varying TAM 48
width for d695.
Figure 4.7 Graphical representation of test time with varying TAM 49

width for p22810.

viii



Figure 4.8

Figure 4.9

Figure 4.10

Graphical representation of test time with varying TAM
width for p93791.
Graphical representation of test time with varying TAM
width for p22810.

Graphical representation of test time with varying TAM

width for p93791.

49

50

o1



Table No.

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

LIST OF TABLES

Table Title
Test time under power constraint for p93791.

Test time under power constraint for p22810.

Test time with varying TAM width for hard cores.

Greedy Algorithm results for p22810 and p93791.

Simulation results for E-ACO and compared
with [35].

Test time for d695 using E-ACO under power
constraint.

Test time for p22810 using E-ACO under power
constraint.

Test time for p93791 using E-ACO under power
constraint.

Test time using E-ACO compared with [35]

under hierarchical constraint.

Page No.
47
47
47
48

50

51

51

52

52



DFT

ATE

BIST

TAM

HDL

MA

DA

ATPG

GA

ACO

BFD

E-ACO

ITC

TSV

ABBREVIATIONS

Integrated Circuit

System On Chip

Intellectual Property

Design For Testability

Automatic Test Equipment

Built In Self Test

Test Access Mechanism
Hardware Description Language
Multiplexing Architecture
Distribution Architecture
Automatic Test Pattern Generator
Genetic Algorithm

Ant Colony Optimization

Best Fit Decreasing

Enhanced Ant Colony Optimization
International Test Conference

Through Silicon Via

Xi



CHAPTER 1
INTRODUCTION

1.1 MOTIVATION
The advancements in IC design and semiconductor fabrication technology has led to the

creation of micro-electronic products with complex functionality on a single die.
Improvements in fabrication technology have led to ICs with billions of transistors. Such
single IC with all required functionality for a system is referred to as “System on Chip”
or SOC. SOC can be defined to be any chip having more than 1 million gates and/or
1000+ package pins. Usually, such devices are single chip solutions that contain as many
cores, memories and functional elements as possible to fit in a single die to get the best
price/performance ratio as permitted by the latest technology [1]. The number of
transistors/chip has increased enormously over the years. According to Moore’s law, the
number of transistors/chip should roughly double every eighteen months [2]. Figure 1.1

shows the Moore’s law versus the actual no. of transistors/chip for some Intel processors

[3].

T T T T T
Pentium4
+  Pentiumlll
1e+07 | E
Pentiumil
Pentium
2
(=] -
% 1e+06 |
w
=
o
)_
5 386 Processor  Year Transistors
5 4004 1971 2250
g 100000 | 8008 1972 2500 4
= 8080 1974 5000
z 8086 1978 29000
286 1982 120000
386 1985 275000
486 1989 1180000
10000 | Pentium 1993 3100000 B
Pentiumil 1997 7500000
5000 - Pentiumill 1999 24000000 7
2950 Pentium 4 2000 42000000
400
| 1 1 | 1 1 1
1971 1975 1980 1985 1990 1995 2000

Year

Figure 1.1 The number of transistors for Moore’s law versus some Intel processors [4].



SOC designing is a challenge due to complexity of ICs and the fast time-to-market
requirements. Therefore, modular core-based design approach is used. In this approach
SOC reuses the pre designed and pre verified intellectual property (IP) cores to shorten
the design cycle and reduce the test costs. IP cores are reusable unit of logic, cell or chip
layout design owed by one party or can be licensed to other parties for use. System
integrator integrates all cores into a system and these cores can be designed in-house or
bought from core vendors. Each fabricated IC needs to be tested for defects. The basic
test approach is to apply the test stimuli and compare the output response with the
expected response. Design for testability (DFT) approach has been proposed so that the

complex ICs can be easily tested due to increasing complexity in the test process.

In modular core-based design, each core can be tested as an individual unit. The cores are
assumed to be accessible with their test data and it’s the job of system integrator to place
the cores on the die. Cores are deeply embedded inside the SOC. There is no direct access
from the SOC pins to the core. So, there is a need of test architecture design to access the
cores and test resources. One of the major research challenges for modular test approach

is test scheduling. Design flow of modular core based design is shown in Figure 1.2.

SOC Design
(Core Selection)

A 4
SOC Test Design

\ 4

Production Test

Figure 1.2 Design Flow of modular core based design.

Every electronic product comes to market has to have an affordable price. Therefore, the

total manufacturing cost should be reduced as possible. The actual test cost is almost
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constant while the fabrication cost has been reduced over the recent years. Soon the cost
of testing will surpass the cost of fabrication. Test cost is a significant part of the total
manufacturing cost including the test cost and the fabrication cost. Test cost can be
reduced by using proper test planning which includes:

e Test Architecture Design.

e Test Scheduling.

e Test Data Compression.

1.2 CORE BASED SYSTEM ON CHIP

The cores in a SOC are obtained from core vendors. Different cores can be of different

origin and can be classified into three categories:

e Soft cores.
e Firm cores.

e Hard cores.

Soft Cores: Soft cores are synthesizable architectural modules that have highest
modification flexibility. Soft cores are very unpredictable in performance and there are a
lot of physical design issues need to be faces. Soft core consists of a technology
independent Hardware Description Language (HDL) files, test bench and have necessary

information. Soft core presents difficulties for floor planning, placement and routing.

Firm Cores: Firm cores are ready for routing purposes and do not present any challenges
for floor planning, placement and routing. Firm cores consist of RTL code and

technology dependent net list. The performance of these cores is also unpredictable.

Hard Cores: Hard Cores contain physical layout information and have a predictable
performance. These are technology dependent modules and are highly optimized for area.
The only disadvantage is that hard cores cannot be customized for a particular design

process. Hard cores cannot be easily modified like soft cores.

The SOC consists of number cores that can be on the same level (no hierarchy) or at
different levels (hierarchical). Cores can be embedded inside other cores. A parent core

may have cores embedded inside it and a child core can also be a parent core with

3



embedded child cores. These cores are known as hierarchical cores. System on Chip

Hierarchy is illustrated in Figure 1.4.

sS0oC

Core C
Core A

Core B

Figure 1.4 System on Chip Hierarchy.

In a core based SOC, embedded cores represent intellectual property and core vendors are
reluctant to expose the structural information about their cores to the users. So, users do
not get the access of the core net lists. Instead, core vendors provide a set of test patterns
that guarantees the maximum fault coverage. Then the test patterns are applied to the
cores in a specific clocking strategy. Cores are often embedded in different layers so a
dedicated data transport system is required. Through that system test stimuli is applied to

embedded core from the source and the test response in collected at the sink.

The architecture of core based test approach is shown in Figure 1.5. It consists of three

elements:

1. Test pattern source and sink: The test stimuli are generated through test pattern source

for the cores and the test response is compared by the test pattern sink with the expected

response.

2. Test Access Mechanism (TAM): TAM is used to transport the test patterns from test

pattern source to the core under test and test responses from core under test to the test

pattern sink. TAM optimization can be done to increase performance.



3. Core Wrapper: Core Wrapper is a thin shell around the core. It acts as an interface
between the core under test and its environment. Together with TAM, core wrapper

forms a test access infrastructure for embedded reusable cores.

TAM TAM
Core
. Under
Test

Core Wrapper

Figure 1.5 Architecture of Core Based Test.

1.3 SOC TEST PROCESS
Each individual core is surrounded by testing components and may imply certain
isolation modes like safe mode, low power mode and bypass mode. SOC test comprised
of individual testing of cores and the testing of interconnects. In SOC testing, the test
stimuli comprised of test vectors is applied to the chip and the response of the test stimuli
is compared with the expected response as shown in Figure 1.3. Test Stimuli application
to the chip is done using two types of approaches:

e Automatic Test Equipment (ATE).

e Built In Self Test (BIST).

Automatic Test Equipment: A special machine is used to apply the test stimuli to the chip

called Automatic Test Equipment (ATE). ATE also compares the output responses from
the chip with the expected responses. Therefore, if there is a difference between both
responses than faults are detected. In today’s technology, there are complex and high
speed SOCs but there are limited numbers of pins in ATE through which millions of
transistors are needed to be tested. So, in order to reduce the burden over ATE we can

reduce the test time using scheduling algorithms or test data volume.



Built in Self Test: In this approach, the core can be tested using the on-chip engine which

generates the test stimuli and check responses. It simplifies the test task for the system
integrator but there are some limitations. Most cores cannot be tested using BIST because
they contain logic that cannot be tested using randomly generated tests. So, pre-computed

Test Stimulus Test Response

Test Source Test Sink

ATE ——— Core 1 Core 2 ::> ATE

Core 3 Core 4

Figure 1.3 SOC Test Process.

test sets can be applied to the cores that can be obtained from the core vendors. The core
vendors have no idea whether the core is placed on the chip or not. They assume the core
terminals have the direct access to the test data. It is the task of the system integrator that
the logic surrounding the core allows the tests to be applied, i.e. designing a suitable test

access mechanism (TAM).

1.4 SOC TEST MODEL

The IC design technology has made it possible to create extremely complex ICs. The test
cost of these ICs is increasing and it’s important to develop techniques that can reduce
the test cost. The test cost is dependent on test application time and test time for SOCs are
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 combined with user defined

logic. SOC test model consists of three main parts:

e Test Access Mechanism Design.
e Wrapper Design.
e Test Scheduling.



Test Access Mechanism Design: TAM Design is responsible for the transportation of the

test data in the SOC. It connects the test sources and test sinks to the cores. The TAM can
be optimized for the test purpose or existing structure can be used. In recent years,
different architectures has been proposed for TAM design like Multiplexing Architecture
[5], Daisy chain Architecture [5], Test Bus Architecture [6] and Flexible-Width
Architecture [7]. In Multiplexing architecture, every core is assigned to all the TAM
wired and the cores are tested one at a time. So, all the cores have to be tested in
sequence. In Daisy chain architecture, a bypass structure is added to shorten the access
path for each core. Bypass register and 2x1 multiplexer allows full access to each core.
Test Bus is combined form of both Multiplexing and Distribution Architecture. Several
Test Buses are created from TAM width. All cores are tested in a sequence in each Test
Bus and concurrent testing can be achieved if there are several Test Buses active at a

point of time. Figure 1.6 shows the TAM architectures [4] proposed in recent papers.

system
4 4 ¥ N core a N
CoreA CoreB CoreC CoreC
A N core b ‘é‘; N
. s
X =
\ s
CoreD CoreE CoreG CoreH CoreF N core ¢ N
(a) (b)
system
N u 8 2 ™
A 2 |
STk lp—— sl
core a core b core ¢
| | — |
(c)

Figure 1.6. TAM Architecture Designs [4] (a) Test Bus Architecture (b) Multiplexing
Architecture (c) Daisy Chain Architecture.



Wrapper Design: A core wrapper acts as an interface between the core terminals and the
TAM wires. It is a also called the Test shell around the core. A standard IEEE P1500

Wrapper is proposed in [4] which solves the various aspects of core based testing like
transferring the information about the cores to the core vendors, accesses the ATE or
BIST engine to the core under test and optimizes with respect to the multiple conflicts.
Figure 1.7 shows the IEEE P1500 Wrapper with parallel TAM interface.

Functional Input

Functional
Output
Wrapper \ upu
Boundry auy L H
Register / CH— Core 1
L H—1  Under —
Test
L O
Wrapper E‘Ifafl’lli’ elr
Parallel aralle
Inputs Output
Scan Chains
s E— —
Wrapper Wrapper
Serial | Wrapper Serial Port i Serial
Input Output

Figure 1.7 Wrapper with Parallel TAM interface.

Core Wrapper is used to facilitate isolation to the core from the surroundings. In case of
testing, core wrapper runs in two modes: internal test mode (INTEST) and external test
mode (EXTEST). In INTEST mode the core is tested while in EXTEST mode the
interconnection between the two wrappers is tested. In an SOC there can be wrapped and
unwrapped cores. Wrapped core has to be in INTEST mode during testing and to test
unwrapped core the core has to be in EXTEST mode. The problem during scheduling is
that the core can be in INTEST or EXTEST mode at a time.

Wrapper combines the internal scan chains and the functional input/outputs of the core
under test. Wrapper Design Algorithms has been proposed like Best fit Decreasing [8] in



order to arrange the internal elements of the core and calculate the test time of wrapper
core. Suppose there is core A with 5 scan chains. The length of the scan chain is 10,8,5,3
and 2 respectively. Figure 1.8(a) shows the unwrapped core A and Figure 1.8(b) shows

the wrapped core A.

Core A Core A
Wrapper
Chains
— = e A L b
s+ - 2 —4—F s 3
—t s 3 —+ 3
3
e
2

Figure 1.8(a) Figure 1.8(b)

Figure 8. Arrangement of scan chains in (a) unwrapped core A (b) wrapped core A.

Test Scheduling: After determining the type of TAM to be used and wrapper design test

integrator faces the problem of test scheduling. Test scheduling is to determine the order
in which the test data in applied so that all cores can be tested in minimum time. Test
scheduling is an NP Hard Problem. Test scheduling is done such that some constraints
like power consumption and hardware overhead is not violated. Different trade-offs are
need to be considered during test scheduling. In order to reduce the test time, concurrent
testing of cores is done. The test scheduling of cores can represented in a rectangular bin
packing [9] as shown in Figure 1.9. Various Scheduling algorithms have been proposed
like genetic algorithms [11], random insertion algorithm [10] and ant colony optimization

algorithm [12] etc.



There are three basic scheduling techniques:

1. Non partitioned testing, in which no new core is allowed to test until all cores in that

session are tested.
2. Partitioned testing, in which a core is scheduled as soon as possible.

3. Preemptive testing, in which core test can be interrupted and resumed after some time.

The only requirement is that all the cores must be completed at the end of the testing.

T Test for Test for

L “ Core A Core C :-_:ﬂe
- ime
=l

E T

<|5  Test for Test for

I J Core B Core D

- SOC testing time -
Figure 1.9. Rectangular Bin Packing representation of Test Scheduling[9].

1.5 SOC TEST CONSTRAINTS

In test scheduling, large test data volume leads to the large test application time. In order
to reduce the test application time concurrent testing of cores is done in modular core
based SOCs. But in case of concurrent testing there are some constraints that must be

considered. These constraints can be described [8] as follows:

a).Power Constraint

Power dissipation has become a big challenge for deep submicron integrated circuits. By
adding more functionality to the ICs there is a risk on thermal stability of ICs which
affects the performance and reliability. Power consumption in VLSI circuits is dynamic

power dissipation and static power dissipation. Dynamic power dissipation occurs due to

10



the switching activities and the static power dissipation is due to the leakage currents.
Dynamic power dissipation dominates the chip power consumption in VLSI SOCs.
Switching activities during testing differs from that during the normal operation.
Sometimes, power dissipation while testing is higher and it has to be respected so that the
chip is not damaged. In case of SOC testing, during test scheduling the total power
consumption at a point of time is fixed. So that the total power dissipation do not exceed

the limit and the IC is safe from thermal burn out.

b). TAM assignment

The test data is applied to the cores through the TAM wires. However, TAM wires are
limited but there are large number of inputs, outputs and bidirectional pins in SOC. All
cores cannot be tested at the same time. Each core must be assigned TAM wires for
testing. So, TAM assignment is a serious constraint in which full TAM bandwidth

utilization is required.

c). Precedence Constraint

In SOC testing, sometimes there is a particular order in which cores must be tested.

Therefore, scheduling should be done such that that order can be maintained.

d). Hierarchical Constraint

In a core based SOC, there are cores embedded inside the system. A core can also be
embedded inside the core. A child core can also be embedded in a parent core. This
embedding of cores is a big conflict in case of testing. Sometimes, testing of child core is

done prior to the testing of parent core using the same TAM wires.

e). Volume of test data

The test data volume depends on the chip complexity. As the complexity of the chip
grows and there are more IP cores introduced in SOC the volume of test data is increased.
This also increases the ATE cost. Therefore, a cost effective approach is used like data

compression and compaction. Data compression reduces the number of bits that needs to

11



be stores for each pattern and data compaction decreases the number of test patterns in
the test set.

1.6 THESIS OVERVIEW

This chapter defines the 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:

e Chapter 2 presents the previous work in core based SOC testing and gaps in these
work that have led to the idea behind pursuing my thesis work.

e Chapter 3 presents the analysis of the previous proposed solutions and
developments in the algorithms.

e Chapter 4 shows the simulation results and the comparative analysis is done.

e Chapter 5 concludes this thesis and discusses the future scope of my work.

12



CHAPTER 2
LITERATURE REVIEW

2.1 TEST TIME MINIMIZATION

Test time minimization can be a major problem in developing a SOC test solution. The
large test data volumes and high design complexity in core based SOCs cause long test
times. Test time analysis is done in [13] and [14] by Larsson and Fujiwara in which test
time is calculated using multiplexing architecture (MA) and distribution architecture
(DA). In multiplexing design all TAM bandwidth is given to each core which means the
testing is done in sequence and in distribution design all TAM bandwidth is distributed to
every core which means each core has some dedicated part of the TAM bandwidth. The
results show that the MA is not efficient when TAM width increases and DA is less

efficient when TAM width decreases.

In [14] M. Sugihara et al. described two test methodologies BIST and ATPG for test time
reduction. This paper discusses the preemptive test scheduling method for SOCs to

reduce test time. The main contributions of this paper are:

a) BIST is combined with ATPG to relax the limitation of external primary inputs
and primary outputs.

b) External test of one core and BIST for other core can be combined and tested in
parallel to reduce the test time.

c) Optimal test vector sets are selected from given set of test vectors for each core.

The main reasons of increase in test time:

a) The increase in number of transistors on a chip.
b) The test vectors cannot be applied directly to the core because the core based
system has logic like isolation rings around the cores.

¢) The test method varies from core to core.

Test time minimization problem can be classified into two problems. Core test time

minimization and core access time minimization.

13



2.1.1 CORE TEST TIME MINIMIZATION

Core test time minimization is related to the test scheduling problem of cores. Scheduling
algorithms has been introduced in [8][35][9][10][11] with wrapper and TAM
optimization[20][23]. Both TAM/wrapper optimization can be integrated with test
scheduling algorithms as done in [9][10][11]. The core based system is tested always

using these possible ways:

a) Internal testing through BIST.
b) External testing through ATE.
c) Combination of BIST and ATE.

If BIST methodology is used, core has a dedicated logic which provides the BIST pattern.
In external testing, the test patterns are transported using the test buses to the multiple
cores. In order to minimize the test time, core selection should be done carefully and the

cores should be scheduled optimally.
2.1.2 CORE ACCESS TIME MINIMIZATION

The accessibility of the cores from the 1/O terminals of the system is a major difficulty.
There are different approaches to deliver test patterns to the core. One approach is to have
a extra test circuit around the core so as to isolate the core under test. For example, a
multiplex is used at each core input so that input can be directly accessible from system
input. An isolation ring can be inserted so that cores can be accessed serially. The Second
approach uses a bypass mode for cores to reduce the problem to one of finding paths
from the system inputs to the core inputs and from the core inputs to the system outputs.
The last approach is based on test architectures by which cores are isolated from each

other using a dedicated bus of a test rail around the cores to transfer test data.

Test time for core i depends on the width of the test bus w to which it is assigned. The
test time of the core is related to the length of the longest internal scan chain of each core.
As the number of TAMs increase the longest scan chain value reduces. The internal scan
chains are arranged using the wrapper. Test time calculation is done as equation given in

[20] and [8]. The test time required to apply test set to the core is given by equation 1:
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T = ( 1+max{si,s0}).p + min{si,so} 2.1

Where T represents the test time of the core i, p is the number of test patterns, si is the
input scan chain and so is the output scan chain. This test time can be reduced if si and so
values are reduced. In [8] authors have presented two heuristic algorithms to solve scan
chain partitioning algorithm. For example, Consider a core has four internal scan chains
having length 32, 8, 8 and 8 with 4 functional inputs and 2 functional outputs. The scan
elements can be assigned to only two wrapper scan chains and max{si,so} can be
calculated as 32. The wrapper scan chain arrangement is shown in Figure 2.1. The best fit
algorithm is used in [8] which have three main parts:

a). Partitioning the internal scan chains into a minimum number of wrapper scan chains
in order to minimize the longest wrapper scan chain length. The internal scan chains are
sorted in decreasing order to the wrapper scan chains. The next scan chain is then

assigned to the wrapper scan chain whose length after assignment is closest to.
b). Assigning the functional inputs to the wrapper scan chains arranged in part (i).

c). Assign the functional outputs to the wrapper scan chains arranged in part (i).

Wrapper
sCar
chain
R 32FF —
i itlith ] sEr SFF SFF i —
e S
Functional Functional
inputs outputs

Figure 2.1 Wrapper scan chain arrangement in a core.

In order to calculate the overall test time after scheduling of cores the total test

application time is given as equation 2:
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n maxtm
total test time = min(max Z tiXy)
=1 j=1 2.2

Where t;; = test time for the core i and tam width j and X;; = 0 or 1 which verifies that the
core with that tam width is scheduled or not.

2.2 TAM OPTIMIZATION

Test time of the core based SOC can be reduced if Test Access Architecture is efficient.
The TAM Optimization problem is considered to be a NP-Complete problem as proposed
in [21]. Wrapper Design and wrapper design algorithm was developed in [22] and [23].
Integer Linear Programming model was introduced in [24] known as test bus assignment
problem by combining distribution of test buses among individual test buses of cores.
Assignment of core buses and determining the TAM width required these are the choices
that designers have to make. A new 2D rectangle packing problem as shown in Figure 2.4
for wrapper and TAM optimization based on ILP modeling with fork and merge with the
use of pareto-optimal points was proposed in [25],[26] and [27]. Later in [33] a core
clustering technique for testing cores concurrently was introduced as 3-D rectangle bin
packing problem simultaneously modeling the optimization of test time, test bus width
and power dissipation shown in Figure 2.5. There are two basic approaches TAM

utilization (i) Fork and merge approach and (ii) Test Bus approach.
2.2.1 FORK AND MERGE APPROACH

Fork and merge technique is a technique in which test buses can fork and merge between
cores. Core tests are represented as rectangular bins with their height represents TAM
width and length represents test time as shown in Figure 2.3. The fork and merge
technique is useful to reduce the test time. Advantage of fork and merge over test bus
approach is there is less probability of idle time. The wastage of memory will be less. In
[35], fork and merge technique is used for test scheduling. Test scheduling combined
with TAM optimization and considering power constraint. This technique can be

understood with Figure 2.2.
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Figure 2.2 Fork and merge technique.
2.2.2 TEST BUS APPROACH

idle time

In this technique, total TAM width is partitioned into test Buses with different widths.

While scheduling, different cores are assigned different Test Buses according to their
TAM widths. If the TAMs are of the same width the core is assigned to the TAM having

less test time. The core assignment in test buses is required. This approach is highly

helpful in multi level SOCs. As each level can be assigned a particular test bus and the

core at that level can only be tested through that test bus. The example of this approach is

shown in Figure 2.3.

level 1

|1 ]

tsv tsv

Test Bus 2 _ level 2

TestBus 1 I 2 }—} 3 I

in

out

Figure 2.3 Test buses in double layer SOC.
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2.3 TEST SCHEDULING.

Test scheduling is NP — Hard problem as discussed in [4] and can be solved through
combinatorial optimization algorithms using wrapper design and TAM optimization

algorithms in [18] and [25]. Optimization algorithms are discussed below:

i L Core A Core C
e=4\,

=

=1

=M Core B

=y

F.

¢ Core D Core C

-— SOC testing time———»

Figure 2.4 2-D Rectangle bin packing representation.

Power

TAM
Width

—I C A \—
ore Core C

Core B

Test Titme

Figure 2.5 3-D Rectangle Bin Representation for Scheduling.

2.3.1 GENETIC ALGORITHM

Genetic Algorithms are adaptive heuristic search algorithm based on evolutionary ideas
of natural selection and genetics. These are a part of evolutionary computing, a rapidly

growing area of artificial intelligence. GA’s are inspired by Darwin’s theory about
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evolution — “survival of the fittest”. GA represent random search used to solve
optimization problems. In [28] a test scheduling scheme for core-based SOCs based on
genetic algorithms is presented. A set of tasks is given (test sets for the cores), a set of
test resources i.e. test buses and dedicated test access architecture. Test scheduling is
done such that total test application time can be minimized. The solution is more
optimized as differential evolution and self-adaptive mutation are brought into the
traditional genetic algorithm. A simple genetic algorithm uses non-overlapping
populations; the entire population is replaced each generation. Individual solutions are
represented by shaded ovals as shown in Figure 2.4. In this case, darker shading
represents a better solution.

In [29] parallel elite genetic algorithm is introduced to reduce the test application time
under peak power constraint. In this offspring are generated using parent A and Parent B
and then crossover and mutation is done. This algorithm is tested in 2D SOC benchmark
circuits and it has proved to be one of the effective scheduling algorithms. In [36] an
power constrained efficient approach for the test scheduling problem of core-based
systems based on genetic algorithm is proposed. This method minimizes the test
application time through compact test schedule. In genetic core test scheduling
formulation there is chromosomal representation, selection and reproduction, genetic
operators (mutation, crossover and fill gap). During each generation, chromosomes are

elected to reproduce, as a result new test schedules are formed called offsprings.

W oction @ Sclection  GHEEEEER  Selection
[ 7 Crossover O cCrossover Crossover

Mutation

[ 1 Mutation (1 Mutation 1
] ] )
S | s B ) ——
7 7 ]
1 1 1

Figure 2.6 Simple genetic algorithm.
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2.3.2 ANT COLONY OPTIMIZATION

Ant colony optimization is based on real ant colony which is proposed in [30]. This is
about the behavior of the ants, how they find the shortest path from their nest to the food.
While searching for food, ants excrete a hormone called pheromone. Ants smell that
pheromone and choose their ways that have high pheromone concentrations. During this
process ants may find a shortest path due to pheromone trails left by ants from their nest
to the food and back as shown in Figure 2.5. Ant colony Optimization has proved to be
very effective in solving many NP problems. ACO based test scheduling increases the
probability of finding optimized solutions in short time. In [31] ACO scheduling
algorithm is proposed. Test scheduling problem is formulated as a rectangle bin packing
problem and uses ACO to cover more solution space to increase the probability of finding

optimal solutions.

Remforcing the
shortest trail

Marking a trail

Following
the trails

Figure 2.7 Ant colony optimization.
2.3.3 SIMULATED ANNEALING ALGORITHM

Simulated annealing algorithm can solve 2D bin packing problem when we optimize the

wrapper design and TAM design. The best configuration among every core is selected by
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SA algorithm in order to minimize the test application time. In this while scheduling a
data structure called sequence pair is used for floor planning. SA based procedure is
proposed in [32]. In this paper optimal test schedule is found by altering an initial
sequence pair and changing the width of the core wrapper. A method of wrapper design

for cores without internal scan chains is also proposed in this paper.

2.3.4 RANDOM INSERTION ALGORITHM

Cores are represented as rectangles in [16] and [26]. The height is the TAM width
assigned and the width is the test application time. To schedule these cores test
application time is used. In [32] SOC test scheduling, sequence pair representation is
proposed. The relative position of rectangles is not changed be inserting a new element
into arbitrary positions of sequence pair. So, it is possible to schedule a new core without
breaking down already obtained well scheduled results. The significance of this is only
two permutations are sufficient to represent the placement of rectangles. The
disadvantage is that as the number of cores increases, the total number of possible

sequence pair increases rapidly.
2.4 HIERARCHICAL CORE BASED SOC TESTING

Hierarchical cores can be considered at the same level in test mode and TAM assignment
for cores embedded inside a hierarchical core is not limited by design hierarchy. The test
scheduling, wrapper design and TAM assignment done for flat cores are not valid for
Hierarchical core SOCs. The hierarchy constraint is in the manner that the test must be
applied to the parent and child core simultaneously. A multilevel TAM architecture is
proposed in [34] which shows how flat SOC techniques can be used for multi level TAM

optimization in hierarchical core SOCs using ILP formulation for flexible bus width.

In [35], test optimization is done for hierarchical cores in which two approaches for
efficient testing of SOC with hierarchical cores is proposed. In the first approach, the
problem is solved by extending a conventional wrapper design and this approach leaves
full flexibility for TAM optimization and test scheduling. The second approach has to do
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with improved wrapper design for parent cores that work in two disjoint modes for
testing of parent and child cores. In [37] a hierarchical SOC test architecture technique is
presented. This model simplifies the multilevel TAM optimization. It applies the
evolutionary algorithm to SOC test architecture models.
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CHAPTER 3

DEVELOPMENT OF EFFICIENT TEST SCHEDULING
TECHNIQUE FOR 2D SOC

3.1 TEST SCHEDULING

A major challenge in testing core based SOC is test scheduling which determines the
order in which various cores need to be tested. Test scheduling of cores even for a simple
SOC is equivalent to NP-hard problem. An efficient test scheduling approach must
minimize the test time while addressing resource constraints among cores due to the use
of TAMs, BIST engines and power dissipation constraint. The minimum test time would
be achieved by maximizing the test of all individual cores; however, designing
constraints may prevent this parallelism. For example, power dissipation is an important
factor that may impact the test parallelism. Power dissipation is a function of time and
depends on switching activity from application of test vectors to the system. SOC in test
mode can dissipate up to twice the amount of power they do in normal mode, since cores
that do not normally operate in parallel may be tested concurrently to minimize testing
time. Therefore, power constrained test scheduling is needed in order to limit the amount
of concurrency while testing so that maximum power dissipation of SOC is not exceeded.
There has been many approached for the test scheduling problem in core based SOCs. In
this chapter, an efficient approach to SOC test scheduling problem based on time, power

and hierarchical constraint is presented.

3.1.1 PROBLEM FORMULATION

1. Pr: Determine (i) an assignment of cores to given TAM widths and power. (ii)
test optimization of schedule such that SOC test time can be minimized.
Consider a SOC consisting of N cores and W TAMs. If TAM bus architecture is used
then W TAMs have widths wy, Wy, ws....wy or if TAM fork and merge technique is
used then B TAMs act as individual wires of width 1. Let core i is selected for
scheduling to TAM j, the test time to test core i can be given as T; (w;) clock cycles.

The test time of the core is calculated as:
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Ti (wj) = ( 1+max( Si, So)). tpi + min ( Si, So). 3.1

Where s; = input scan chain length calculated using wrapper design.

S, = output scan chain length calculated using wrapper design.

tp; = test patterns for core i.

let x;; be a variable with value 0 or 1 (where / < i <Nand 7 <j < W). It can be
defined as follows:

Xij = {1, if core i is scheduled using TAM j.
0, if core is not scheduled. 3.2

Therefore, the time needed to test all cores using W TAM is given as

Test time of all cores = ¥IL; T; (w)). x5 3.3

All the TAMs can be used for testing therefore the overall test time can be given as
Total test time = max ;<;<w (X2, T (). x;5) 34
In case of fork and merge technique total test time can be given as:

Total test time = max ;<; <5 (X121 T (W) x;5) 3.5

2. Pw: Design a wrapper for each core, such that test time of core can be minimized
and the TAM width required for the core is reduced.
A core with n functional inputs, p functional outputs, scan chains sc of length I,
l,.....Isc. with TAM width w. Arrange the scan chains into less than or equal to w
wrapper scan chains and then arrange the functional inputs and functional outputs
such that max( s, So) IS minimized.

3. Pu: Design a wrapper for hierarchical cores such that test time of the core can be

minimized.
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Given a mega core with fixed TAM width w. Arrange the scan chains under this
constraint such (i) w is not exceeded at any time. (ii) each mega core receives one of
its pre-specified TAM widths and (iii) parent mega cores are tested only after their
child cores.

3.1.2 ANALYSIS OF PREVIOUSLY PROPOSED SOLUTIONS

An analysis of previously proposed test scheduling algorithms is made to develop a new
and efficient test scheduling algorithm. The objective is to determine the test architecture

at different TAM widths and constraints and reducing the overall SOC test time.
3.1.2.1 INTEGER LINEAR PROGRAMMING (ILP) ALGORITHM

The aim of ILP is to optimize a linear objective function with a set of integer variables,

with satisfying set of linear constraints. The typical ILP model is described as follows:
Minimize: Ax
Subjectto: Bx <C, x >0,

A is a cost vector, B is a constraint matrix, C is a column vector of constraints and x is a

vector of integer variables. In [38], ILP problem is explained as:

Let there are N cores and W TAM width. Determine the assignment of cores to the

testline’s signal lines such that test time can be minimized. P in the number of test pins.

Min T 3.6
T> Zévzl t; 25'):1 Xijk 1<k W 3.7

Equation 3.6 means that T maximum test time of testline’s signal and equation 3.7 means

that every test must connect to the signal line.
3.1.2.2 SIMULATED ANEALING

This algorithm starts with an initial solution. A neighboring solution is then generated
using perturbation on the current solution. If the test time of the neighboring solution is

lower than the initial solution the neighboring solution is accepted. If the cost of initial
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solution is lower than neighboring solution is rejected. The probability of accepting an
optimized solution is a function of parameter and temperature. The probability can be

defined as:

—AC
P=eT 3.8
AC is the change in cost and T is the temperature. As the test time increases the T
decreases. At first the temperature is large therefore the probability of finding the solution
is high but as the temperature decreases with time the probability of finding an optimized
solution decreases. Therefore, an optimized solution can be obtained as in [39].

3.1.2.3 GENETIC ALGORITHM
The genetic algorithm involves the following choices during its formation:

a. Encoding of the solutions to form chromosomes.
b. Decide upon a crossover mutation.

c. Identify a optimized mutation operator.

Chromosome consists of TAM partition part, core assignment part and the test time of
that chromosome. Genetic operators used in optimizing the solution are crossover,
mutation and fitness measure. Crossover sorts the whole population according to fitness
values. Mutation is used bring more effectiveness in the solutions. A genetic algorithm
based approach is proposed in [40] for SOC test scheduling using dual speed TAM

considering power constraint.
3.1.2.4 ANT COLONY OPTIMIZATION ALGORITHM

ACO algorithm can be implemented for test scheduling. ACO collects the pheromone
data with heuristic favorability to get optimized results. Heuristic parameter can be used
to reduce premature stagnation so that ACO can be available to all conditions. Stagnation
is the process in which ants follow same path and new solution is generated to find better
solutions. In [31], ACO algorithms is implemented for wrapper/TAM width selection to

schedule the cores. Testing of the core is represented as rectangle bin packing problem.

26



3.1.3 DEVELOPMENTS IN ALGORITHMS

Based on previous work analysis some developments have been done. Greedy algorithm
and enhanced ant colony optimization algorithm is proposed for test scheduling Pt
problem. The test time calculation of each core is done using best fit decreasing
algorithm is also described in this section. Wrapper algorithm is modified for hierarchical

cores and scheduling is done using greedy algorithm.
3.1.2.1 BFD ALGORITHM

The problem Py mentioned above is solved by Best Fit Decreasing Heuristic Algorithm.

The algorithm consists of three main parts [8]:

a. Arrange the internal scan chains among a minimum number of scan chains
so that longest wrapper scan chain length can be minimized.

b. Assign the functional inputs to the wrapper scan chains arranged in part a.

c. Assign the functional outputs to the wrapper scan chains arranged in part
b.

This wrapper design algorithm arranges the scan chains at a core into a given number of
wrapper chains and computes the test time of the core. The main aim of this wrapper
algorithm is to balance the wrapper chains so that the longest wrapper chain length can be
minimized. The longest wrapper chain evaluates the test time of the core. The test time is
dependent on the wrapper chains. The test time can be reduced if the wrapper chains are
increased. In case the test time does not change with wrapper chains then we use Pareto —
optimal points. Pareto-optimal points are of interest because they make use of the lowest
possible wrapper chains at a certain test time. This also effects the test time of the whole

system.

Inputs: Let N be the number of cores. The number of functional inputs for core i is Fin;
and the number of functional outputs for core i is Fout;. Let k be the number of scan
chains for core i. A set of internal scan chains for core i is SC; € {scy, SCy, ..... sck}. The

wrapper width for core i is W;.

Outputs: T; is the test time calculated for the core i.
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Algorithm:
Wi = number of TAMs for core i

Lines=int W; /2
#SC; = number of scan chains of core i
= Sort the scan chains for core i in decreasing order in length
= Select the longest scan chains as the (Lines) lines
= While (#SC; > Lines)
= Chain the shortest line with shortest scan chain
» #SCi=#SCi-1;
= Update the length of the longest scan length
= Sort scan chain in decreasing order
= Add the Fin; and Fout; to balance the scan chains
i.  max S;j= number of Fin;+ longest wrapper scan chain
ii.  max S, =number of Fout; + longest wrapper scan chain
iii.  min S;= number of Fin; + shortest wrapper scan chain
iv.  min S;=number of Fout; + shortest wrapper scan chain
Ti ={ (1+ max ( Sj, So) TP) + min(S;, So)}

This BFD algorithm calculates the test time of each core in the core based SOC. The test
time for a core with its possible wrapper width from 1 to 64 is calculated for three ITC’02
benchmark circuits. For each core pareto-optimal points are selected and are further used

for test scheduling.

Pareto-optimal points : Consider a core 12 of p93791 of ITC’02 benchmark circuits. It

has 289 functional inputs, 8 functional outputs, 391 bidirectional 1/0s and 46 internal
scan chains of lengths: 33 scan chains x 93 bits and 13 scan chains x 92 bits. The wrapper
design in this section can be used to arrange the core 12 for values of TAM width w
between 1 to 64 bits. As functional inputs are more than functional outputs therefore
max( Si, So) = Si. A w increases s; decreases in a series of distinct steps. This behavior
causes as w increases, the redistribution of internal scan chain happens thus s; can be

reduced only by increasing w. For example, when core 12 of p93791 is arranged using
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tam width 33 the test time is 72819. Test time is dependent on s;. The test time remains
constant till w reaches 39. Hence, for 33 < w < 39, only 33 wrapper scan input chains

need to be designed.

Hierarchical Constraint: Wrapper design for a hierarchical core is Py problem. Each

hierarchical core has cores embedded inside it called child cores. These child cores may
also have some cores embedded inside it. In order to test the parent core, child cores need
to be tested first. In hierarchical cores, the child cores are tested with the same TAM
allotted to the parent core. So the wrapper design for these cores is for the same TAM
width. The test time for child cores remains same as BFT for flat cores. But wrapper
design for parent core is as shown in Figure. In Figure 3.1 n represents the number of

child output cells and m represents the number of parent output cells:

parent input cells child input cells
+ +
child output cells parent output cells
/_\-\\ /_-\-\
P2 @ Scan chain 1 — Scan chain 2 ﬁ
I — |
scan in time

1 |
I . 1
scan out time

Figure 3.1 Arrangement of elements of parent core.

3.1.2.2 GREEDY ALGORITHM

Greedy algorithm is an algorithm which follows the problem solving heuristic of
choosing the local optimal constraints at each stage. This algorithm may provide locally
optimal solutions that can be globally optimal solutions at a reasonable time. This is a test
scheduling algorithm. Using greedy schedule we may not get the minimum test time so
the schedule is heuristically improved for time minimization. The pictorial representation

of the schedule is given in figure. The y-axis of each rectangle represent the bandwidth of
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the particular core and the x-axis represents the test time for that core. The maximum
power and maximum bandwidth in Figure 3.1 is 12 and 10 respectively. At a particular
instance the power (p) and bandwidth (bw) should not exceed the maximum value. The
cores should be closely bound to get the minimum test time. The cores with bandwidth
and power lesser that tha total bandwidth and total power can be tested using this

algorithm.

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 (TTT) can be
calculated and stored. Then 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 TTT is compared and

the lowest TTT is considered to be the best schedule.
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Figure 3.2 Representation of a schedule in rectangle bin packing consists of eight cores.

The scheduling of cores using greedy algorithm is done by two methods based on TAM
design architecture: i). Using fork and merge technique and ii). Using test bus

architecture.
i.) Algorithm using fork and merge technique.

Input:

1. N: total no of cores.
2. maxBW: total bandwidth available.

30



3. maxP: total power available.

4. Core set: a set of cores, for each core

i. number of core,

ii. bandwidth of core,

iii. max power consumption of the core,

iv. test time of the core,

v. integer u: to check whether the core is scheduled or not,

vi. start time of the core.

Outputs:

1. Core set: for each core

i. the test end time of core.

Ii. integer u value to check whether every core is tested or not.

2. total test time of the schedule.

Proposed Algorithm:

Get the inputs N, Core set, maxBW, maxP.

Arrange the Core set with decreasing BW and decreasing P, decreasing Power and
decreasing test time or any other arrangement possible.

Set the values of start time (ST) = 0; remBW = maxBW; remP = maxP; integer u =
0; integer temp = 1000000000; integer t=0;

for i=0to N-1 do
for i=0to N-1 do
Select the core with integer u = 0, which has the required bandwidth and power
from the arranged cores.
Update the remBW, remP, integer u=1;
start time of the core = ST;
test time of core = ST + test time of core;
for i=0 to N-1 do
if integer u = 1 and test time of that core < temp
then
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e temp = test time of the core;
e integer t = number of core;
e fori=0toN-1do
o if the remP and remBW <= power and bandwidth of the core and if integer
u=1 and test time of core = temp
then
e Update bandwidth and power of the core again
e Set the integer u =2;
e Setinteger u =2;
e Update the remBW and remP;

In this algorithm, the test time of the last core selected for scheduling will be updated as

the total test time for the whole scheduling process. This proposed algorithm is applied to

benchmark circuits p93791 and p22810.
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LOOP 1

Flow Chart

Read N, Core set, maxBW and
maxP from files

A

Arrange cores in decreasing BW or
decreasing P or decreasing test time.

Start time=0 intu=0
remBW = maxBW int t=0
remP=maxP
temp=10000000000

A 4

.| For all N cores

D

If core selected has
required BW and P

7 YES

Update int u, remBW, remP,
start time and test time of the
core

If the core has test time < temp
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A

For all cores

A 4

remP and
remBW <= P and
BW of the core,

intu=1and tt of
core =temp

LOOP 2

Update P and BW of
the core
int u=2

A 4

Setintu=2
Update remBW and
rempP

END

Figure 3.3 Flow Chart Diagram of Greedy Algorithm

34



ii). Algorithm for test bus architecture.

The greedy algorithm for test scheduling without power constraint using test bus

architecture is described below:

e Partition the Total TAM width into p no of partitions.

e Construct the partitions of TAM widths twy,tw,.....tw, Where tw; (Vi € p)
represents sum of test time of cores
o tCiwj (V] € N) for tam width w;.
o twi = (tcywiy + tCowi) + tCaqwi)..... HrCNwi))
e Select the partition with maximum and minimum test times as max(tw; ) and
min(tw;).
e Select the core with maximum test time from max (tw;).
e Subtract the test time value of that core from every partition except the min(tw;).
e Update the test time values of all partitions.

e Repeat the Step 5,6 and 7 untill all the cores are selected and subtracted once.

o After step 8, all partitions contain cores resulting in minimum test time.

The greedy algorithm for test scheduling with power constraint using test bus architecture

is described below:

. The cores are divided into number of partitions using greedy partition algorithm.
Each partition w; has cores.

e All cores in each partition is greedily arranged in decreasing order of test time.

e Select max wjand schedule the first core. Update the start time and the end time.

e Select the next partition with max w;.

e Schedule the core with condition such that the sum of powers of cores scheduled

at that time should not exceed the maxP. If maxP is exceeded then select the next
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core for scheduling. Update the arrangement in the partition. Update the start
time and end time.

e Repeat the step 4 & 5 for all partitions.

e Select the partition with minimum end time and schedule the next core from that
partition as done in step 5.

e Repeat step 7 until every core of every partition is scheduled.

e Partition with the maximum end time represents the total test time of the circuit.

3.1.2.3 E-ACO ALGORITHM

ACO algorithm is about the behavior of the ants, how they find the shortest path from
their nest to the food. While searching for food, ants excrete a hormone called
pheromone. Ants smell that pheromone and choose their ways that have high pheromone
concentrations. During this process ants may find a shortest path due to pheromone trails

left by ants from their nest to the food and back.

In enhanced ACO, the core selection for scheduling is done on the basis of maxp and
maxtw and is partially dependent on probability. Firstly, a core is selected using
probability, then it is tested using the constraints. If the conditions are satisfied, the core
is selected. Otherwise, the core with next highest probability is tested. This step is
repeated until all conditions are satisfied. Let us assume an ant a starts from a core i and
has to reach out to other cores. The first core i is selected randomly and the next core j is
selected using probability prob. This process is repeated until all cores are scheduled. Ant
density model is used in this algorithm. According to Ant density model, the pheromone

trail quantity left by ant through their paths is constant.

b
prob; = 0 3.6

B
Z?:n Tij nij
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prob;; = probability for core j as the next core to be scheduled.

7ij = pheromone trail value from path i to j >= 0.

nij = it is the heuristic value which is dependent on the test time of the cores >= 0.
nij = 1/ tt. Where tt is the test time of the core.

S is a parameter used to enhance the heuristic value. Its value is higher for the
hierarchical cores than the flat cores so that hierarchical cores can be tested first. When
an ant moves from core i to j then pheromone trail needs to be updated through that path.
This process is called trail intensification. The trail intensification can be formulated
using equation below:

Q if ant goes fromitoj

Tiito iy = 3.7
(i toj) {O otherwise

Q is a constant parameter. It is the quantity of trail left when ant moves from core i to j.
Trail intensification is done at the time of core selection. After scheduling, using an ant a,
the test time is calculated. Scheduling process is repeated for no. of ants and the best test
time of all is selected. The results using ITC’02 benchmark circuits are shown in the next
chapter. This algorithm schedules the cores with fork and merge technique and provide

optimal solution.

Input: Let there be n number of cores with maximum tan width available is maxtw and
maximum power dissipation allowed is maxp. Each core has a core number, tam width
tw, power dissipation of each core p, test time of each core calculated using wrapper

algorithm tt and the int u which is used to check whether the core is scheduled or not.

Output: best_time is the minimium test time obtained after number of iterations. Test time
is calculated for each iteration and the best_test time represents the minimum test time of

all the test times.
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Proposed Algorithm

e Initialize the pheromone matrix z/i,j/ and probability matrix prob[i,j]. i is the
current core and j is the next core to be scheduled.
e Before scheduling the value of i need to be initialized.
e Forall ants do
Remtw=maxtw;
Remp=maxp;
e Exclude the pareto points of the core selected as i.
e Update remtw, remp, core end time,u and start_time;
e ForOton-1do
Calculate the probability for core j and Update the prob[i,j].
Select the core with maximum probability.
o if tw; <remtw && p< remp then
Update remtw,remp,u, core end time and start_time;
o celse
Initialize an array which has core end time of all cores that are scheduled.
Sort the array in ascending order.
e For all array values do
o if tw; <remtw && p < remp then
the cores of this core end time is selected as start time.
break;
e Update remtw, remp, u, core end time and start time;
e 7/i,j] is updated when a path is confirmed from i to j;
e value of j = value of i;
e Test time is calculated after every core is scheduled.
e Value of i is initialized for scheduling of next ant.

e Calculate the best test time.
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LOOP 1

Flow Chart

Read n, maxtw

, maxp, core

information, int u

Initialize t/i,j], prob/i,j]
and value of i

v

LOOP 2

\ 4

For all ants

A

y

Update remtw, remp, core
end time, int u and start time

A

y

For all

A 4

cores

A

y

Update probl[i,j]

l

andp <

twj < remtw

remp
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YES

\ 4

NO

\4

Update remtw, remp, u, core Initialize arr[] having core

end time and start time

end time of all cores

v

l

For all array
values

Twj<remtw

l

Update z/i,j/] and j=i

Update remtw,remp,u,
< core end time and start

time

Test time is calculated
after scheduling.

Value of i is

Best Test time
is updated.

END

Figure 3.4 Flow Chart Diagram

of E-ACO.



CHAPTER 4
SIMULATION RESULTS

Experiments have been performed to show the importance of the test scheduling
algorithms for test optimization of core based SOC system considering constraints like
power, TAM width and hierarchical cores. In this chapter, the results conducted on
ITC’02 test benchmark circuits are presented. All the methods presented in the previous
chapter have been implemented in C. Results have been evaluated considering the
benchmark circuits to be flat as well as hierarchical. The experiment results for only
d695, p22810 and p93791 from the ITC’02 benchmark circuits have been presented.
These SOCs are considered because they are hierarchical; contain multiple levels of
embedded cores. Fork and merge and Test bus architecture has been used as TAM

architecture for greedy and E-ACO algorithm presented in the previous chapter.
4.1 RESULTS OF WRAPPER DESIGN ALGORITHM

In this section, experimental results on wrapper design using BFD algorithm are
presented. Figure 4.1 (a) Wrapper design input file of d695 (b) Wrapper design input file
of p22810 (c) Wrapper design input file of p93791 represents the input file used for

wrapper design code of benchmark circuits.

|

_| d&95 input to wrapper design.ixt - Notepad

File Edit Format View Help

10
3232120

207 108 73 0

34175132

36 39 105 4 54 53 52 52

38 304 110 32 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 44 44 44 44 44 44 44 44 44 44 44 44 44 44
62 152 234 16 41 41 40 40 40 40 40 40 40 40 40 40 39 39 39 39

77 150 95 16 34 34 34 34 34 34 33 33 33 33 33 33 33 33 33 33

35 49 07 4 46 45 44 44

35 320 12 32 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54
28 106 68 32 55 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51

Figure 4.1(a) Wrapper design input file of d695.
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L it g o oo

File Edit Search View Encoding Language Settings Macro Run Plugins Window ?
L L e T R EE BRI
=1 p22810 inputto wrapper design soc !Hl
1 30
10 67 10
10 67 89
28 56 785 10 130 111 111 110 110 110 110 110 110 110
47 33 12324 0
38 26 3108 0
48 64 222 0
90 112 202 2% 214 10¢ 106 105 105 103 102 101 101 101 100 93 %2 84 84 75 73 73 73 73 73 27 27 27 27 27 27 27 27
80 64 712 0
84 64 2632 0
36 16 2608 0
116 123 175 24 122 105 100 100 100 100 100 100 100 100 100 99 %6 %6 95 95 95 85 95 95 95 85 32 24
50 30 38 4 99 98 10 2
56 23 94 8 88 87 86 84 €9 69 68 38
40 23 93 11 82 82 64 64 64 64 64 83 63 62 42
60 148 1 4 104 %6 48 32
22 1510837341
84 42 37 € 80 80 80 73 73 36
13 43 8 1 109
223 69 25489 1% ¢ 4
53 11 644 5 68 €8 67 56 56
38 29 58 3 43 40 17
45 40 124 4 77 77 76 1
115 76 465 10 186 108 104 54 94 94 54 54 53 93
54 40 58 3 77 76 13
31 8 40 7 115 92 18 16 16 16 16
73 2327510169622
58 46 215 18 181 13% 135 1395 135 138 138 138 138 138 138 109 108 108 108 108 108 108
66 33 181 31 400 400 400 400 400 400 399 389 399 399 399 399 399 399 399 399 399 399 365 389 399 399 334 334 333 333 333 279 278 278 198
28594 21 34
48 43 26 5 100 99 99 79 40

Figure 4.1(b) Wrapper design input file of p22810.

[== T RS T R S TC R Y

L T B N I R i = T T e e e = I e
[ = = G R S R T e - T TR = N T S VPR Ny Sy =)

2 et g et s

File Edit Format View Help

B2
172 112 409 46 168 168 166 166 163 163 163 163 162 162 162 162 151 151 151 151 151 151 150 146 146 146 146 146 146 146 146 146 146 146 146 146 146 146 146 146 146 145 145 145 145 143 143
141 141 1

40 34 192 0

40 29 648 0

153011 235555553555555555354444444

102 80 6127 0

643 652 218 46 521 521 521 521 521 521 521 521 521 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 520 500 500 500 500
500 500 500

932177 0

932177 0

43 34 192 0

267 128 1164 0

146 68 187 11 82 82 82 81 81 81 18 18 17 17 17

289 8 391 46 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 93 03 93 93 93 93 93 93 93 93 93 93 93 92 92 92 92 97 92 92 92 92 92 92 92 92

111 31 194 46 219 219 219 219 219 219 219 219 219 219 219 219 219 218 218 218 218 218 218 218 218 218 218 218 218 218 218 207 207 207 207 206 206 206 206 206 206 174 174 174 174 174 174 174
173 173

209 212 194 46 219 219 219 219 219 219 219 219 219 219 219 219 219 218 213 218 218 218 218 218 218 218 218 218 218 218 218 207 207 207 207 206 206 206 206 206 206 174 174 174 174 174 174
174 173 173

44 34 288 0

137 64 396 0

144 67 216 43 150 150 150 150 150 150 150 150 149 149 149 149 140 149 149 149 149 149 149 149 149 149 149 149 149 149 149 149 149 149 149 149 149 140 149 145 145 146 146 145 145 145 145
79344270

466 365 210 44 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 99 99 99 99 09 99 98 08 08 98 98 98 9§ 98 98 93 08 98 98 08 98 98 98 08 97 97 97

204 133 416 44 181 181 181 181 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180 168 168 168 168 168 168 168 168 168 168 168 168 168 168 157 133 133 133 133 133

132

7934420

4234 420

159 116 234 46 175 175 175 175 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 171 170 170 170 170 170 170 170 170 170 155 155
155155 1

17430720

29 16 2683 0

4234 96 0

30 7 916 46 68 68 68 68 68 63 68 68 68 68 68 68 63 65 08 08 68 68 63 68 68 68 63 68 068 68 67 67 67 67 67 67 67 67 67 67 67 67 67 67 60 60 50 30 30 30

109 50 39 0

349 501 172 35 189 188 188 188 188 188 187 187 187 187 187 187 186 186 186 186 186 186 186 186 186 186 186 186 186 186 186 186 186 186 186 185 185 185 185
43341920

148 70 204 0

268 128 3084 0

Figure 4.1(c) Wrapper design input file of p93791.
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In Figure 4.1(a),(b) and (c) the first line defines the number of cores in the benchmark

circuit. In the second line the core information of core 1 is defined in the format:

Number of functional inputs.
Number of functional outputs.
Test patterns.

Number of scan chains.(k)

Length of each scan chain. (sc; sc; SCs........ SCk)-

Similarly, next lines in the input file represents rest of the cores in that benchmark

circuits.

The output of this wrapper design algorithm is shown in figure 2(a),(b) and (c) for d695,
p22810 and p93791 respectively.

1o et o680t ]

1 ‘428 20 14 116 102 89 76 64 63 83 30 50 50 0 50 38 3} 3; O33N ¥ ¥ O3 ON O
215292 7719 5146 38% 3160 2646 2278 1964 1764 161t 1469 1396 1249 1175 1102 1028 1028 935 861 BB1 806 807 734 T34
35058
426602 13354 11098 6676 5796 5794 5788 5764 5782 3781 5780 5779 5719 5776 5778 5718 5778 5777 5777 3777 5777 5717 3717 5776
5 191874 93992 €1210 47996 37931 31727 26733 24053 20748 19752 14973 13424 14870 14859 14852 12082 10095 9988 9986 9983 9975 9970 996e 4964
6 185794 93014 59674 46507 37361 28191 28189 23254 19018 19023 19019 18779 18775 18538 18536 11744 10071 9844 9851 9854 9855 9833 4848 9847
7 63686 32801 20914 16398 12862 9877 9688 6247 06605 6516 6421 6417 6413 6410 B408 4124 3524 3333 3330 3343 3345 3346 3346 3343
£ 22427 11165 8702 5383 4576 4583 4375 4571 4368 4567 4566 4365 4564 4563 4563 4563 4562 4562 4562 4562 4361 4361 4561 4561
9 20351 13182 6514 6397 5238 4392 3702 3305 2692 2806 2110 2142 2109 209 2088 1659 1412 1414 1411 1402 1394 1388 1384 1362
10 120188 59992 38845 29996 24685 21157 17647 15032 14119 14106 10605 10600 10569 10584 10382 7518 7092 7081 7072 7068 70€5 7063 7062 7061

2530 2475 2473 2475 2475 2475 2475 2475 2475 2475 2475 2473 2415 2475 2475 2475 2475 2475 2475 2473 2475 2475 2475

23 S 1 8 $ 1 1112 13 0 1 e 17 1 18 20 21 2 13 U

Figure 4.2(a) Wrapper design output file of d695.

In figure 4.2(a),(b) and (c) each row represents a core of benchmark circuit and each

column represents the wrapper TAM width from 1 to 24. Output file contains test time of

each core with varying wrapper TAM widths.
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[EI 1064 585673635 811 51 to 64 data of p22810_conected bd ]

690 345 234 173 142 122 102 92 82 yil n 6l 61 51 31 51 1 1 41 41 il 4 31
6062 3031 2051 1516 1248 107 892 803 114 624 624 535 533 446 448 448 357 357 357 357 357 351 268
926665 456660 347329 260869 189419 174409 173611 173806 173603 102951 102891 102863 102853 102849 102846 102844 102843 102842 102841 102840 102840 102839 102839
591585 308116 209518 160220 135570 110921 985% 86272 86271 73947 73947 61622 61622 61622 61622 48298 49297 49297 49297 49297 48297 49297 49297
121238 62173 43520 34194 27977 24868 21759 18651 18650 15542 15542 15542 12434 12433 12433 12433 12433 12433 9325 9325 9325 9323 9325
14478 7350 4900 3786 2896 2450 2221 2004 1782 1559 1337 1336 1114 1114 1114 1113 891 891 891 891 891 890 890
480681 240341 158840 119360 95399 79565 71429 60076 53368 51327 43633 43618 43598 43579 43572 43547 43546 43544 43540 43537 43528 43512 43515
7736 29224 18957 14968 12116 10680 9265 7840 7127 6414 6413 3701 5700 49e8 4988 4276 4275 4275 4273 3563 3563 3362 3562
213236 107944 73717 35288 44756 30480 34225 28080 26327 23694 23693 21061 21060 18428 1428 1579% 15785 15795 15785 13163 13163 13182 13162
10 96512 49560 33909 26084 23475 18258 18258 15650 13041 13041 13041 10433 10433 10433 10433 10433 10432 7824 7824 7824 7824 7824 7824
11 415000 206974 138139 103632 86198 69127 68565 52048 51324 51137 40108 34622 34436 34420 34416 34414 33712 33536 33531 33529 33527 22501 21586
10119 5094 3842 3817 3810 3808 3806 3803 3804 3804 3803 3803 3803 3802 3802 3802 3802 3802 3801 3801 3801 3801 3e01
61336 30748 21332 15433 14480 13062 10130 8409 83717 8377 8373 8371 8370 8369 8369 8368 8368 8368 83¢8 8367 83¢7 8367 8367
70852 35395 23934 18011 15944 12087 11976 11881 11786 9831 1764 7731 7130 1728 7724 7123 1722 7722 7121 1721 7721 1721 1720
778 386 246 187 154 146 141 137 132 129 126 123 121 119 118 117 116 115 114 114 113 113 112
11001 8012 8001 7997 7993 7995 7994 7994 7983 7993 7993 7983 7993 7993 7993 7993 7993 7982 7992 7982 7892 7992 7982
19223 9615 6420 3533 4133 3225 3014 3011 3009 3007 3003 3004 3003 3002 3001 3001 3000 3000 3000 3000 2899 2999 2999
1346 923 901 894 830 LEL 887 886 885 884 884 883 883 883 883 882 882 882 882 882 882 882 881
8737 4364 2908 2272 22617 2264 2261 2259 2258 2251 2257 2256 2255 2255 2255 2254 2254 2254 2254 2253 2253 2253 2253
237962 119281 80573 72843 48308 44441 44441 44430 44438 44438 44437 44437 44437 44437 44437 44437 44436 44436 44438 44436 44438 44436 4443¢
8191 4118 27152 2566 2562 2560 2559 2557 2556 2556 2555 2555 2554 2554 2554 2554 2554 2553 2533 2553 2553 2553 2553
34619 19209 11622 8706 9692 9885 9682 9680 9678 9671 9677 9676 9676 9675 9675 9675 9674 9674 9674 9674 9674 9674 9674
545180 273021 182136 136931 130407 92181 BB004 87529 87058 B7056 86964 86891 86980 86974 86970 BE96T7 BE9ES B6YE4 86963 86862 BE%61  BESEl 86960
13245 code 4834 4622 4613 4812 4610 4609 4608 4607 4607 4606 4606 4803 4603 4603 4804 4604 4604 44604 4604 4e04 4604
13137 6586 4728 4678 4661 4658 46517 4642 4641 4642 4642 4641 4641 4641 4641 4640 4640 4640 4640 4640 4640 4640 4640
7061 35417 2775 2770 2763 2760 2759 2757 2757 27517 2758 2756 2756 2755 2755 2755 2755 2755 2135 2735 2755 2755 2755
314283 257243 171710 13e427 106863 8el77  B30e7  7€797 62804 59717 53474 33252 53249 53248 46768 46774 4772 39244 39178 30153 39145 39141 30139
2102430 1058399 716897 535623 438301 375437 329152 278342 256711 232050 205888 205696 193929 183816 158432 145052 145030 145025 145023 143021 145021 133255 133074
768 369 247 185 143 125 107 93 84 79 9 18 T 11 76 76 15 75 75 T4 T4 74 T4
12576 6304 4775 3231 2684 2647 2645 2640 2636 2634 2633 2632 2631 2630 2630 2629 2629 2629 2629 2628 2628 2628 2628

H
¥
N
wn
o
-
@
w
-
-
-
5}
-
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w
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o
v
jan}
o
o
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o

20 21 22 23

Figure 4.2(b) Wrapper design output file of p22810.

[E1to 64 data ufd695mJ| [El1't0 64 ciai= of p22810_commecied iEd [ 1 1o 64 data of p93791 - Copy.it ﬂl

2833432 1423001 945022 740329 567012 493918 431596 370508 315278 308183 305313 247915 246272 244222 189408 186418 186000 185180 181497 180668 179441 177799 126977 126558
7906 4049 2891 2120 1734 1541 1348 1156 1155 963 963 962 962 7170 770 770 7170 769 769 577 571 571 577 577
26597 13822 9729 7135 5837 5188 4540 3891 3891 3242 3242 3242 3242 2594 2593 2593 2593 2593 2593 1945 1945 1945 1945 1945
1652 810 536 394 311 262 221 201 178 166 165 139 128 128 128 117 117 117 117 105 105 104 82 18
631161 318644 214471 165449 134810 110299 98043 85788 79659 73532 67404 61276 55143 55148 49021 49021 42893 42893 42893 42893 36765 36765 36765 36765
5301239 2650719 1809477 1358118 1125916 906759 792825 676999 674497 565038 560613 455381 451131 450890 446720 341501 341403 341379 341368 337001 336997 332834 230807 227621
5850 3014 1950 1596 1241 1064 887 887 709 709 532 532 532 532 532 532 35 395 355 35 395 355 355 355

T BT S AR

8 5850 3014 1950 1596 1241 1064 887 887 709 709 532 532 532 532 532 532 35 395 355 35 395 355 355 355
9 8482 4433 3083 2312 1926 1733 1540 1348 1155 1155 963 962 962 962 770 770 7170 769 769 769 769 511 571 577
10 312080 157204 104802 79184 64045 53565 46578 40756 36098 32604 30275 27946 25617 24453 22124 20860 19795 18631 18630 17466 16302 16301 15137 15137

11 135845 68008 45457  341e8 30597 22008 19726 17247 15548 15555 15551 15533 15531 15529 15528 15528 15527 15527 15526 15526 15526 15526 15526 15526
1785278 892834 595322 446762 363293 297811 255400 223726 217860 181797 181795 149251 145732 145340 145339 112013 100276 109276 108275 108884 108884 108883 77994 74775

—
[

13 1879524 939847 639831 480322 395498 320812 278491 242226 235586 199912 193280 165570 159340 153098 152711 123254 123051 123048 116828 116827 110588 110397 85173 85012
14 1879524 939847 639831 480322 395498 320812 278491 242226 235586 199912 193280 165570 159340 153098 152711 123254 123051 123048 116828 116827 110588 110397 85173 85012
15 12094 6641 4619 3464 2886 2597 2308 2020 1731 1731 1443 1442 1442 1442 1154 1154 1154 1153 1153 1153 1153 865 865 865
16 54712 27752 18633 14272 11496 9514 8325 7532 6739 5946 5349 5153 4756 4360 4360 3964 3963 3567 3567 3171 3171 3N 2774 274
17 1418234 709261 483147 354667 290017 257229 224894 192782 161550 160445 129408 129197 128542 127890 97100 97080 97075 96856 96206 95773 95354 64740 64756 64747
18 3394 1739 1187 890 720 635 550 466 423 381 381 338 338 296 29 254 254 253 253 211 211 211 211 211
19 1016074 508247 338766 254228 203305 169593 145756 127170 112998 104390 92618 84958 83283 83067 67845 63642 62607 62604 62596 62500 62166 46413 44426 42535
20 3163654 1582035 1057385 791422 636620 551561 476927 416463 360968 345978 290614 285907 271345 261326 215850 215435 215423 215421 200861 200444 186682 150491 145371 143368
21 3394 1739 1187 890 720 635 550 466 423 381 381 338 338 296 29 254 254 253 253 211 211 211 211 211
22 1840 941 641 512 426 341 208 298 255 255 213 212 212 170 170 170 170 169 169 169 127 127 121 127
23 1819997 914038 606970 475258 364230 317576 277387 240717 202553 200527 194427 160581 160339 156826 121714 120397 120388 120387 120386 120151 116640 114055 80466 80446
20 55300 30722 21505 18433 15360 12288 12288 12288 9216 0216 9216 9216 9216 9216 9216 9216 6144 6144 6144 6144 6144 GL44 6144 6144
25 80656 43016 29573 24196 18619 16130 16130 13442 13441 10753 10753 10753 10753 10753 8065 8065 8064 8064 BOGL 8064 B084 8064 8064 B0
26 4162 2129 1451 1160 966 773 676 676 579 579 483 482 482 386 386 386 386 385 385 385 289 289 289 289
27 2803245 1402080 954550 713387 588665 480460 418104 365826 341075 303468 279645 248443 248440 231951 217260 187003 186085 186084 186084 179671 170511 154932 125611 125563
20 43610 22201 15064 11496 118 7928 6739 5946 5549 4757 4360 4360 3963 3567 3567 3171 3170 3170 2774 2774 2774 2378 2378 2378
20 1149163 580444 387030 290323 230073 193616 164338 161058 129087 128880 128704 96909 96704 96699 96525 96351 96350 64731 64530 64524 64521 64347 64347 64345
30 8482 4433 3083 2312 1926 1733 1540 1348 1155 1155 963 962 962 962 710 770 770 763 763 769 769 577 511 577
31 30466 15335 10427 7769 6338 5315 4702 4088 3679 3271 3066 2861 2657 2453 2248 2248 2044 2043 1839 1839 1839 1635 1635 1634
32 829724 416404 280686 209744 169645 141885 123378 107956 95618 86364 B0195 74026 67857 64773 58604 55520 52435 49351 49350 46266 43182 43181 40097 40097
33

31 1 2 3 4 5 6 1 8 9 10 11 12 13 1 15 16 17 8 19 20 21 22 23 24

Figure 4.2(c) Wrapper design output file of p93791.

44



4.2 RESULTS OF TEST SCHEDULING ALGORITHMS.

In this section, simulation results of greedy algorithm and enhanced ant colony

optimization algorithm are presented. The results are presented for three ITC’02

benchmark circuits d695, p22810 and p93791.

4.2.1 GREEDY ALGORITHM

Test time has been calculated for three benchmark circuits using greedy algorithm. The
results are calculated for flat with power constraint. In Figure 4.3 bar graph plot is
presented used to find the pareto-optimal points. Input for d695 and p22810 is shown in
Figure 4.4 and 4.5 considering them as flat SOCs and output of respective circuits in

shown in Table 4.1and 4.2 considering power constraint.

X 10E BAR GRAPH PLOT OF CORE 12 of p93791
18
I |

I iz

TEST TIME

0 10 2 30 40 20 60 0
TAMWIDTH

Figure 4.3 Bar Graph plot (test time v/s tam width) for core 12 of p93791.
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maxBW
maxP

J inp}!‘chSS to gr/eeéalgo.txt - Notepad

File ﬁdt :gﬁﬁt View Help
Numberof ___ 5577553000
cores 1 11 660 50 0 0
2 14 602 1175 0 0
3 3 823 2475 0
45 275 5796 0
5 11 690 14973
COTENO-1 & 16 354 11744
7 9 530 6605 0
8 6 753 4583 0
9 11 641 2110 0 0
10 16 1144 7518 0 O
O St
Start time

cooooo
(=N

TAM width Test time

Power

Figure 4.4 Input data of d695 with power constraint.

) maxBW maxP

J mputpﬁﬁ&lﬂ to g,u?éy algo.txt - Notepac

File ﬁt meﬂ View Help

//,BU 16 25000

Numberof -] 1 14 173 51 0 0

2 12 173 535 0 0
cores
3 10 1238 102951 0 O
4 12 30 61622 0 0
5 10 54 15542 0 0
6 11 112 1337 0 0
o
8
9

11 2489 43633 0 ©

16 144 4276 0 0

10 148 23694 0 0
10 9 52 13041 0 0
11 12 2505 34622 0 0O
289 34622 D 0
739 13062 D O
s48 12087 D 0
48/ 187 U 0
115 /7997 00
80 5535 00
23/ 888 U 0
442 2274 00
441 44441 D 0
167 2566 0 0
318 9706 0 0
1309 92191 0 @
260 4634 0 0
363 4726 0 0
311 2775 0 0
27 11 2512 53474 0 0
28 16 2921 145052 0 O
29 4 413 185 0 0
30 4 508 3231 0.0

core no. }b

=
[X=]
WWWS R RS RO R R RS OW

. Start time
TAM width pGwer Testtime

Figure 4.5 Input data of p22810 with power constraint.



Table 4.1 Test time under power constraint for p93791.

TAM width maxP = 30000 maxP= 25000 maxP= 10000
greedy [8] greedy [8] greedy | [8]
128 228 718 | 457862 | 228718 |493599 |432241 |568 734
80 449134 | 787588 |449134 |821475 |493419 | 1091210
64 454711 | 945425 |454711 | 965383 |493416 | 1117385
Table 4.2 Test time under power constraint for p22810.
TAM width maxP = 10000 maxP= 6000 maxP= 3000
greedy [8] greedy [8] greedy [8]
128 61 620 128 332 | 68 307 157 568 | 96 909 293 021
80 98133 | 195733 |98133 |209559 |115194 | 356215
64 127018 | 236186 |127018 | 250487 | 127018 | 309 255

In this table, results are compared with recent paper [8]. Test time has reduced in

comparison to [8] because the cores used are soft cores. In Table 4.3, test time

calculations are shown for three benchmark circuits using hard cores. Table 4.4

represents the test time of the p22810 and p93791 using hard cores and power constraint.

Table 4.3 Test time with varying TAM width for hard cores.

TAM width d695 p22810 p93791
16 48 758 507 271 2 347 950
24 33 443 364 674 1370 322
32 23 738 271 377 1 008 396
40 23 442 217 118 795 185
48 17 129 194 672 765 803
56 14 973 150 589 613 119
64 14 973 134 777 613 356
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Table 4.4 Greedy algorithm results for p22810 and p93791.

TAM width p22810 p93791
maxp=2000 | maxp=1800 | maxp=20000 | maxp=17000
16 44 803 44 803 1784 515 1784 515
32 28 441 28441 913 605 934 889
48 19 685 20802 616 890 625 875
64 20 024 20024 395 286 398 654

Graph representation is done in figures below:

Test Time

60000

50000

40000

30000

20000

10000

d695

16

24

32 40

48 56 64

TAM Width

=¢-—"fork and merge
technique

-—i =fli—test bus technique

Figure 4.6 Graphical representation of test time for varying TAM width for d695.
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Figure 4.7 Graphical representation of test time for varying TAM width for p22810.

p93791

2500000

2000000 \

1500000 \\
=—¢—fork and merge
technique
1000000 == test bus technique

500000
—

Test Time

16 24 56 64

32 40 48
TAM Width

Figure 4.8 Graphical representation of test time with varying TAM width for p93791.



4.2.2 E-ACO ALGORITHM

Using E-ACO simulation results has been calculated for two benchmark circuits p22810

and p93791. The results are also compared with [35]. Table 4.5 compares the results of
E-ACO algorithm with [35]. The Table 4.6, 4.7 and 4.8 presents the test time of three

benchmark circuits under power constraint. Figure 4.9 and 4.10 is the graphical

representation of Table 4.5. Table 4.9 shows the test time calculation and comparison

with [35] under hierarchical constraint.

Table 4.5 Simulation results using E-ACO and compared with [35].

SOC TAM Width Enhanced ACO [35]
p22810 16 280 725 458 068
32 190 511 222 471
64 130 586 133 405
p93791 16 1651 355 1791638
32 877738 912 233
64 432 394 455 738
p22810
500000
450000 N
400000 \\
350000 O
£ 300000 NC
= 250000 \\\
& 200000 E-ACO
150000 — —[35]
100000
50000
0 T T 1
16 32 64
TAM Width

Figure 4.9 Graphical representation of Test time with varying TAM width for p22810.
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Figure 4.10 Graphical representation of Test time with varying TAM width for p93791.

Table 4.6 Test time for d695 using E-ACO under power constraint.

TAM Width Maxp=1500 Maxp=2000 Maxp=2500
16 57 869 S5 777 S5 777
32 31947 25791 25791
64 21755 17 540 14 605

Table 4.7 Test time for p22810 using E-ACO under power constraint.

TAM Width Maxp=6000 Maxp=8000 Maxp=10000
16 280 775 280 775 280 775
32 290 511 290 511 190 511
64 176 663 173 292 130 586
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Table 4.8 Test time for p93791 using E-ACO under power constraint.

TAM Width Maxp=20000 Maxp=25000 Maxp=30000
16 1651 355 1 651 355 1651 355

32 1177738 1177738 877738

64 652 885 652 885 432 394

Table 4.9 Test time using E-ACO compared with [35] under hierarchical constraint.

TAM Width p22810 p93791
E-ACO [35] E-ACO | [35]

16 605 164 621895 | 2452303 | 3363819

32 322 437 493290 | 1267400 | 1504 806

64 139 467 296 445 | 716 593 1908 099
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CHAPTER 5
CONCLUSION AND FUTURE WORK

Work is done on various heuristic algorithms which have been optimized under power

and hierarchical constraints for 2D SOCs. The main aim of these algorithms is to
minimize the total test time. This is done by creating an efficient schedule. In this report
the analysis of previous proposed solutions and development is done. The results for
three ITC’02 benchmark circuits have been evaluated. The results show an effective
decrease in the test time as compared to previous papers mentioned in chapter 4.

Greedy algorithm for test scheduling is proposed which is a heuristic algorithm and can
be improved. Using this algorithm, test schedules are generated and test time is reduced
under the power constraint. Simulation results show the optimized results.

Enhanced ACO algorithm is enhanced version of ACO algorithm in which the test
schedule is prepared using ACO algorithm but core assignment is done under power

constraint and hierarchical constraint. Simulation results show the optimized results.

The future work in field of test scheduling can be done by modifying these algorithms for
3D SOCs. By including 3D SOCs, a new constraint is introduced i.e. TSV constraint.
These algorithms can be optimized to reduce the test time of 3D SOCs. The proposed
method can be extended using the test rail architecture. Other algorithms can be
optimized to calculate minimum test time considering power constraint, hierarchical

constraint and TSV constraint.
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