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Abstract

The technology today makes it possible to integrate a complete system on a
single chip, called “System-on-Chip” (SOC). Nowadays SOC designers use
previously designed hardware modules, called cores, together with their
user defined logic (UDL), to form a complete system on a single chip. The
manufacturing process may result in defect chips, for instance due to the
base material, and therefore testing chips after production is important in
order to ensure fault-free chips.

The testing time for a chip will affect its final cost. Thus it is important
to minimize the testing time for each chip. For core-based SOCs this can
be done by testing several cores at the same time, instead of testing the
cores sequentially. However, this will result in a higher activity in the chip,
hence higher power consumption. Due to several factors in the manufac-
turing process there are limitations of the power consumption for a chip.
Therefore, the power limitations should be carefully considered when plan-
ning the testing of a chip. Otherwise it can be damaged during test, due to
overheating. This leads to the problem of minimizing testing time under
such power constraints.

In this thesis we discuss test power modeling and its application to
SOC testing. We present previous work in this area and conclude that cur-
rent power modeling techniques in SOC testing are rather pessimistic. We
therefore propose a more accurate power model that is based on the anal-
ysis of the test data. Furthermore, we present techniques for test pattern
reordering, with the objective of partitioning the test power consumption
into low parts and high parts.

The power model is included in a tool for SOC test architecture design
and test scheduling, where the scheduling heuristic is designed for SOCs
with fixed-width test bus architectures. Several experiments have been
conducted in order to evaluate the proposed approaches. The results show
that, by using the presented power modeling techniques in test scheduling
algorithms, we will get lower testing times and thus lower test cost.
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Chapter 1

Introduction

In this chapter we will briefly discuss the design of system chips and give
an overview of testing. Goel and Marinissen [10] and Zorian et al. [33] have
written good introductions to the area of testing system chips. Further
theory in the area of testing electronic systems can be found in a book
authored by Mourad and Zorian [22].

Moreover, we will discuss the importance of considering power consump-
tion during testing. Then we will describe the purpose of this thesis and
finally we will give an overview of the rest of the thesis.

1.1 System-on-Chip

The technology today makes it possible for designers to increase the com-
plexity of their designs such that an entire electronic system can be imple-
mented on a single chip. This design paradigm is called System-on-Chip, of-
ten abbreviated SOC. To shorten the time-to-market and to design complex
systems, SOC designers use previously designed modules. Such modules are
often called (embedded) cores. Some examples of cores are FPGA1s, DSP2s,
RAM modules, micro-controllers and microprocessors. The described de-
sign methodology is called core-based design and is common practice today.
An example of a core-based SOC with four cores is illustrated in Figure 1.1.
Typically an SOC consists of several embedded cores and some user-defined
logic (UDL) created by the SOC designer.

1.2 Testing

There is no guarantee that a chip will function correctly after manufac-
turing. This is because during fabrication a number of defects can occur,
for example due to faults in the base material. Thus, to ensure that the
manufactured chips are fault-free, they must be tested.

1Field Progammable Gate Array
2Digital Signal Processor

1
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SOC

Core A Core B

Core C Core D

Figure 1.1: An SOC with four cores

The SOC designer has often little or no information of the exact design
of the cores. Typically a core is treated as a black box during system design
and thus the system designer needs information on how to test the cores.
This makes core testing a joint responsibility of the core provider and the
SOC developers. The core provider is responsible for developing the tests,
such as test patterns and inserting structures for testability3. Thus, in a
core-based environment each core has its defined test. The SOC developers
plan the testing of all cores, given the tests developed by the core providers.

The cores in the SOC in Figure 1.1 could be tested sequentially in
the order shown in Figure 1.2. In this way all test resources are assigned
to the cores one at a time. Long testing times has become a problem
and techniques for reducing testing time have been, and are still being
developed. Core tests can be applied concurrently in order to reduce the
testing time for an SOC. Figure 1.3 illustrates an example of a concurrent
schedule for the previous SOC. The testing time of a chip has an impact
on the final cost of the chip. Thus the problem of minimizing testing time
for SOCs is important.

Testing
Core D

Testing
Core B

Testing
Core C

Testing
Core A

Testing time

Figure 1.2: Sequential testing of the cores in Figure 1.1

3This is a design approach called “Design-for-Testability” (DFT).
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Testing
Core A

Testing
Core D

Testing
Core C

Testing
Core B

Testing time

Figure 1.3: Concurrent testing of the cores in Figure 1.1

1.3 Test Power Consumption

As discussed in the previous section we can test cores concurrently in order
to lower the testing time for an SOC. However, having concurrent tests
will make the power consumption of the chip higher during test compared
to when the cores are tested sequentially. Thus, testing cores concurrently
reduces the testing time but the power consumption during test will in-
crease. Due to several factors in the manufacturing process, for instance
the package type and the energy limitations, electronic chips will have a
power limit [3]. In order to prevent chip damages due to overheating, the
power limit must be carefully considered when planning the testing. This
limits either the test concurrency or the speed4 at which the tests can be
applied, which in turn has an impact on the testing time and finally the
test cost. Thus, concurrent testing leads to reduced testing times, but it
also leads to possible power consumption violations.

Figure 1.4 illustrates the power consumption during test when the cores
in an SOC are tested sequentially and when they are tested according to a
concurrent test schedule. The testing time is lower in the concurrent case,
but since several cores are tested at the same time the power consumption
will be closer to the power limit. In some cases the power consumption
could exceed the power limit. Thus it is important to study the power
consumption when planning the testing of a chip.

1.4 Problem Definition

We have in this chapter seen that power consumption during test is an im-
portant problem. The power consumption varies over time, but in previous
work it is modeled as a constant peak power model [3]. This guarantees
that power limits are met, but it is pessimistic since it overestimates the
power consumption.

4The speed of testing is determined by the clock frequency.
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Testing time for
sequential schedule

for concurrent testing
Power consumption

Power consumption
for sequential testing

Testing time for
concurrent schedule

Power limit

Figure 1.4: Power consumption for sequential and concurrent testing of
cores

In this thesis we will develop a more accurate power model which will
be used when planning the testing for a complete core-based SOC. Thus
the two main topics in this thesis are:

1. How can we compute and model the power consumption during test-
ing of a core?

2. How can we use our power model when scheduling tests for a complete
core-based system with power constraints?

1.5 Thesis Overview

This chapter has introduced the reader to the design paradigm “System-
on-Chip”. Further we have discussed the need for testing electronic chips
and the importance of studying the test power consumption.

We will in the following chapter present some preliminary issues re-
lated to SOC testing. We will introduce some concepts which will be used
throughout the thesis. In Chapter 3 we describe some related prior work.
Chapter 4 describes our solution to the first problem listed in Section 1.4.
Here we will discuss the power consumption during testing of a core in de-
tail. Chapter 5 concentrates on the second problem, namely scheduling of
tests under power constraints. The results of our experiments are presented
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in Chapter 6, and finally we conclude this thesis in Chapter 7, where we
also present directions for future work.

Appendix A gives some mathematical notations which will be used in
some chapters. The most important terminology introduced in this thesis
is listed in Appendix B. Appendix C contains some information about the
SOC benchmarks used in the experiments.





Chapter 2

Preliminaries

In this chapter we will introduce some preliminary concepts that will be
used throughout the thesis. We will discuss SOC testing, and then we
will discuss test architecture design and design issues for cores related to
testing.

2.1 Principles of Core-based SOC Testing

Test synthesis, including test pattern generation, is performed when the
design of a core is completed. The test patterns will be used by the SOC
developers for the system chip testing. A test pattern is a test stimulus for
the core with the corresponding test response. The test stimulus is used
to bring a core to a certain state. After a capture cycle, that is, a normal
clock cycle, the core responses by changing state. Then the response and
the expected test response are compared, and if they do not correspond, a
fault has been detected. Figure 2.1 illustrates the general test architecture.
The test pattern source stores the test stimuli for the core, and the test
pattern sink compares the test responses with the expected test responses,
stored in the test sink. The test access mechanism (TAM) transports test
patterns in both directions, that is, it transports test stimuli from the source
to the core under test and it transports test responses from the core to the
sink. The wrapper connects the core’s functional inputs and outputs to the
TAM and to the rest of the SOC. The wrappers are needed for internal test
access to the embedded cores.

The source, as well as the sink, can be implemented either off-chip by
external automatic test equipment (ATE) or on-chip by built-in self-test1

(BIST). In this thesis we consider the case where both the test source and
the test sink are implemented by an ATE. Figure 2.2 illustrates an SOC
tested by an ATE loaded with test patterns. The ATE is in this case both
test source and test sink, and can be viewed as one or several memories.
The channels transport test stimuli to the TAM (which is on-chip), using

1also referred to as embedded ATE

7
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Si
nk

So
ur

ce

Core

Wrapper

SOC

TAM

Figure 2.1: General test architecture

SOC

ATE channels

0011111100010100

1011100100000011

0101010110101111

0001110011001100

1010110001100101

0001111001000000

Test responses Test stimuli

Figure 2.2: An SOC tested with an ATE

the SOC input pins. The TAM transports the test responses back to the
ATE, where they are compared to the expected test responses.

The TAM is by definition implemented on-chip [22]. Thus it can be
an added dedicated infrastructure for testing purpose only, or an existing
functional structure such as the system bus. The number of wires used to
transport test patterns, the TAM bandwidth, is limited by the SOC I/O
pins. Furthermore the number of available TAM wires can be partitioned.
This means several TAMs and thus the possibility to transport test patterns
for several cores at the same time. We will discuss this topic further in the
context of fixed-width test bus architectures in Section 2.3.1.

2.2 Cores

As mentioned before, the core wrapper is the interface between the embed-
ded core and the rest of the chip. The wrapper allows the core to be run
in several modes [22]:
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• Normal mode, in which the wrapper is transparent and does not add
any functionality.

• Internal test mode, in which TAM wires are connected to the core
for the transport of test data.

• External test mode, in which it is possible to test interconnections
between cores.

• Bypass mode, in which the core is bypassed, that is, the core acts as
if it does nothing.

When testing a core the TAM transports test stimuli to the core. A test
stimulus is used to put the core in a certain state, the state given by the
stimulus. Running the core in normal mode, the capture cycle, gives a test
response which, through the TAM, will be transported to the ATE (the
test sink).

The flip-flops in the core are connected to form a number of shift reg-
isters, called scan chains, when the core is in test mode. The functional
inputs and outputs will become wrapper cells. This is done in order to
increase the testability of the design. In this way the test patterns can be
shifted in and out from the core.

We should mention that cores can be delivered in different hardware
description levels, for instance logic level or register-transfer level (RTL).
Depending on the level of hardware description we distinguish three differ-
ent types of cores, namely soft, firm or hard cores [22]. For hard cores the
scan chains are given, that is, the flip-flops are formed as shift registers by
the core provider, and thus the core user cannot change those structures.
For soft and firm cores the core user can decide how to form the scan chains.
In this thesis we will only consider SOCs consisting of hard cores, and thus
when referring to cores we will implicitly mean hard cores.

Essentially for planning the testing of an SOC we need information
about the cores’ functional inputs, functional outputs and scan chains. This
view of a core is called the transparent view of cores. Figure 2.3 illustrates
the transparent view of a core with two functional inputs, one functional
output and three scan chains of lengths 6, 4 and 4 respectively. This could
be one of the cores in the SOC in Figure 1.1. We should also mention that
there are cores which are combinatorial circuits, that is, they don’t have
any scan chains.

Designing the wrapper for a core means connecting inputs, outputs
and scan chains with each other, forming one or several wrapper chains.
A wrapper chain can be viewed as a larger scan chain. Scan chains and
functional inputs and outputs are wrapper elements.
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fi1

fi2

fo1
4 FF

4 FF

Scan chain 2

Scan chain 1

Scan chain 3

6 FF

Figure 2.3: Transparent view of a core

2.3 Test Architecture Design

In test architecture design there are two main issues, the TAM type and
the architecture type. In the literature, two different TAM types have been
described, the test bus and the test rail [10]. The test bus is in essence
TAM wires connected to the cores on a SOC. Cores connected to a TAM
of type test bus can only be tested sequentially. Access to the bus can for
instance be implemented by multiplexers or tri-state elements. Figure 2.4
shows the multiplexing architecture consisting of one TAM of type test bus.

SOC

in out

C

B

A

Figure 2.4: Multiplexing architecture

The second TAM type is test rail. Cores connected to a TAM of type
test rail can be tested simultaneously or sequentially. A simultaneous test
of two cores can be done by concatenating the scan chains and wrappers
of the cores. Figure 2.5 shows the daisychain architecture which consists
of one TAM of type test rail.

We distinguish three architecture types. The first type consists of one
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A

B

C

in

SOC out

Figure 2.5: Daisychain architecture

TAM that connects to all cores. The TAM can be of type test bus or test
rail. The multiplexing and daisychain architectures illustrated in Figure 2.4
and Figure 2.5 are two examples. The second type connects each core to
its own dedicated TAM. In this case the TAM type is not relevant. An
example of this architecture type is the distribution architecture, illustrated
in Figure 2.6.

B

A

C

SOC

in

in

in out

out

out

Figure 2.6: Distribution architecture

The third architecture type is a hybrid combination of the two described
types. In this architecture there are one or more TAMs. Each TAM con-
nects to one or more cores in the SOC. With TAMs of type test bus this
class of architectures are called hybrid test bus architectures. Two com-
mon classes of test bus architectures are fixed-width- and flexible-width test
bus architectures. We will in the following subsections describe these two
classes of test bus architectures. We should also mention that we have
concentrated on fixed-width test bus architectures in this thesis. This has
also been done in prior work [2], [10], [13], [14].
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2.3.1 Fixed-width Test Bus Architectures

A fixed-width test bus architecture consists of one or several TAMs of type
test bus. The cores in an SOC can thus be scheduled sequentially on each
TAM. However more TAMs means that we can test more cores concurrently.
Given the total available number of TAM wires we can partition them into
several TAMs.

We will now consider the SOC illustrated in Figure 1.1 on page 2. For
this SOC Figure 2.7 illustrates a test schedule for a fixed-width test bus
architecture. Here we have one TAM of width 3 which connects to cores A
and C. The other TAM of width 2 connects to cores B and D. An example
of a TAM design for this case is shown in Figure 2.8. The two TAMs can for
instance be implemented in the same way as the multiplexing architecture
in Figure 2.4.

A

B

C

D

T
A

M
 1

T
A

M
 2

test application time

2 wires

3 wires

Figure 2.7: A test schedule for an SOC with fixed-width test bus archi-
tecture

D

CA

B

Figure 2.8: TAM design for a fixed-width architecture
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2.3.2 Flexible-width Test Bus Architectures

An example of a flexible-width test bus architecture schedule for the SOC
in the previous subsection is illustrated in Figure 2.9. In a flexible-width
test bus architecture we do not distinguish several TAMs. In this case we
are able to fork and merge TAM wires between cores [16], and thus increase
TAM wire utilization. An example of a TAM design for the schedule in
Figure 2.9 is illustrated in Figure 2.10.

test application time

D

A
C

B
2 wires

3 wires
4 wires

1 wire

Figure 2.9: A test schedule for an SOC with flexible-width test bus ar-
chitecture

D

C A

BFork

Merge

Figure 2.10: TAM design for a flexible-width architecture
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2.4 Basic Definitions

We will now give some definitions of concepts that will be used throughout
this thesis. We will use notations on sequences. Notations and concepts
related to sequences can be found in Appendix A.

Definition 2.1: Scan chain. A scan chain is a connection of flip-flops
with one input scan-in and one output scan-out. We represent a scan
chain sc consisting of n flip-flops with an n-tuple sc = (ff1, . . . , ffn), where
ffi represents flip-flop i in the scan chain.

The length of a scan chain is the number of the consisting flip-flops. For
sc above we denote the length as �(sc). It is defined as �(sc) = n. ❏

We will view functional inputs and outputs as special cases of scan
chains, that is, they are scan chains consisting of one flip-flop.

Definition 2.2: Core. A core is a triple (FI, FO, SC) where

• FI is a non-empty set of functional inputs,

• FO is a non-empty set of functional outputs, and

• SC is a set of scan chains.

❏

It is notable that combinatorial cores do not have any scan chains and
thus SC = ∅ in Definition 2.2.

Definition 2.3: Wrapper chain. Let C = (FI, FO, SC) be a given core.
An element in WE = FI∪FO∪SC is called a wrapper element. A wrapper
chain is a sequence wc satisfying the following conditions:

(i) wc ∈ WE+

(ii) wc(i) = wc(j) ⇒ i = j for all i, j = 1, . . . , |wc|

(iii) wc can be written in the form wc = fi ◦ sc ◦ fo where fi ∈ FI∗,
sc ∈ SC∗ and fo ∈ FO∗

The length of a wrapper chain is the sum of the lengths of its elements. It
is defined and written as

�(wc) =
|wc|∑
i=1

�(wci). ❏
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In words, a wrapper chain is a sequence of distinct wrapper elements.
The order in which the elements are connected is given by the order of the
elements in the sequence. The number of wrapper elements in a wrapper
chain wc is denoted |wc|. We should also mention that we could define
the concept of wrapper chain without the third condition in Definition 2.3,
that is, allowing to connect wrapper elements in whatever order.

Definition 2.4: Configuration. Let C = (FI, FO, SC) be a given core
and WE = FI ∪ FO ∪ SC the wrapper elements. A configuration of core
C is a set, KC , of wrapper chains such that the following conditions are
satisfied:

(i) ∀we ∈ WE ∃wc ∈ KC : we ∈ wc

(ii) we ∈ wc′ (∈ KC) =⇒ ∀wc ∈ KC \ {wc′} : we /∈ wc

|KC | is the wrapper width or test width of core C under configuration KC .
❏

In words, a configuration of a core is a set of wrapper chains such that
every wrapper element is in exactly one wrapper chain of the configuration.
It should be noticed that having a core with a configuration of n wrapper
chains requires n TAM wires for the transport of test patterns of the core.
The following example illustrates some of the introduced concepts.

Wrapper chain 1

Wrapper chain 2

Scan chain 1

Scan chain 2

Scan chain 3

T
A

M

T
A

M

fi1

fi2

fo1

4 FF

6 FF

4 FF

Figure 2.11: A configuration of the core in Figure 2.3

Example 2.5: Let C be the core in Figure 2.3. As the figure illustrates we
have a set of functional inputs FI = {fi1, fi2}, a set of functional outputs
FO = {fo1}, and a set of scan chains SC = {sc1, sc2, sc3} where �(sc1) = 6
and �(sc2) = �(sc3) = 4. Figure 2.11 illustrates a configuration with two
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wrapper chains. The configuration can be written as a set of two wrapper
chains according to K = {(fi1, sc1, fo1), (fi2, sc2, sc3)}. ❏

Test Patterns

A test stimulus is an arrangement of bits representing a state of a core’s
functional inputs and scan chains. Similarly, a test response represents the
state of a core’s scan chains and functional outputs after a test stimulus
has been applied, that is, after the capture cycle. Test patterns can strictly
be defined as follows.

Definition 2.6: Test pattern. Let C = (FI, FO, SC) be a core. A test
stimulus is a mapping,

ts : FI ∪ SC −→ {0, 1}+,

such that |ts(x)| = �(x) for all x ∈ FI ∪ SC.
Similarly, a test response is a mapping,

tr : SC ∪ FO −→ {0, 1}+,

such that |tr(x)| = �(x) for all x ∈ SC ∪ FO.
A test pattern is a pair tp = 〈ts, tr〉 where ts is a test stimulus and tr

its corresponding test response. ❏

We should mention that some bits in test patterns can be don’t care
bits, often denoted X. These could be set to either 0 or 1. However, we
will in the rest of the thesis assume that the don’t care bits are set. Also,
we will refer to a set of test patterns as a test set.

Assume that tp = 〈ts, tr〉 is a test pattern and that wc = fi ◦ sc ◦ fo
is a wrapper chain according to Definition 2.3. Then the bits to be shifted
in when applying test stimulus ts are given by the sequence

tswc = ts(fi(1)) ◦ . . . ◦ ts(fi(|fi|)) ◦ ts(sc(1)) ◦ . . . ◦ ts(sc(|sc|)). (2.1)

We will call this the test stimulus for wrapper chain wc. Similarly the test
response for the wrapper chain is given by the sequence

trwc = ts(sc(1)) ◦ . . . ◦ ts(sc(|sc|)) ◦ ts(fo(1)) ◦ . . . ◦ ts(fo(|fo|)). (2.2)

Of course if fi, sc or fo are ε then they should be removed from the
equations above.
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2.5 Test Time Calculations

The transport of test patterns involves shifting in and out bits from the
wrapper chains in a configuration. In this section we will examine the time
it takes to test a core with a given set of test patterns. We will assume that
a core with a configuration is given. Also a test set, a set of test patterns,
is given. We will start with the following definition.

Definition 2.7: Let wc = fi◦sc◦fo be a wrapper chain. Then we define
the scan-in length of wc as

siwc = �(wc) − |fo|
and the scan-out length as

sowc = �(wc) − |fi|. ❏

Notice that when shifting in a test stimulus in a wrapper chain wc we
need to shift in only siwc bits since the rest of wc are outputs. In the same
way shifting out the test response is done in exactly sowc clock cycles.
Thus referring to Equation (2.1) and Equation (2.2) we have |tswc| = siwc

and |trwc| = sowc.

Example 2.8: Consider the configuration shown in Figure 2.11. For the
first wrapper chain we get by Definition 2.7 that si1 = 1 + 6 = 7 and
so1 = 6 + 1 = 7. For the second wrapper chain we get si2 = 1 + 4 + 4 = 9
and so2 = 4 + 4 = 8. ❏

Definition 2.9: Let K be a configuration of a core. The scan-in of the
configuration is defined as

siK = max
wc∈K

siwc.

Similarly the scan-out of the configuration is

soK = max
wc∈K

sowc. ❏

The time it takes to test a core with all its test patterns is called the
core’s test application time. For the calculation of this we will use a well-
known formula [18]:

Test time calculation: Let K be a configuration of a core C. Let si
(so) be the scan-in (scan-out) of K. Further, assume that the core has
p test patterns. Then the test application time (in clock cycles) for the
core C is

t =
(
max(si, so) + 1

) · p + min(si, so). (2.3)
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Scan in 1

Scan in 2

Scan in 3

Scan out 1

Scan out 2

Scan out 3

C1

C2

C3

time

Figure 2.12: Pipelining with three test patterns

Proof. In the beginning of the test the first test stimulus is shifted in. Then
it is applied during a capture cycle. The test response is shifted out while
shifting in the next test stimulus. This pipelining strategy goes on until
all test stimuli have been applied. The last step of the test is to shift out
the last test response. Figure 2.12 illustrates this principle with three test
patterns and si > so.

Furthermore, we know that si is the time it takes to scan in the part
of a test stimulus corresponding to the wrapper chain with largest scan-in
length in the configuration. Therefore it takes si clock cycles to scan in a
test stimulus to the core. Similarly it takes so clock cycles to scan out a
test response from the core.

Now assume that si > so. We have p test patterns, and thus p capture
cycles. Each capture cycle is one clock cycle. Since si > so, shifting in
a test stimulus will automatically shift out the test response bits to the
TAM. Since we have p test stimuli we will shift in p times. However during
the last shifting out we don’t shift in any more test stimuli and thus this
last shift out takes so cycles. Thus the test application time for the case
when si > so is

t = p · si + p · 1 + so = (max(si, so) + 1) · p + min(si, so),

satisfying Equation (2.3). The discussion is similar for the cases si < so
and si = so. ❏

Example 2.10: Let K be the configuration in Example 2.5. Figure 2.11
illustrates this configuration. For wrapper chain 1 we have, according to
Definition 2.7, si1 = so1 = 7. For wrapper chain 2 we have si2 = 9 and
so2 = 8. According to Definition 2.9 the scan-in of the configuration is
si = max(si1, si2) = 9 and the scan-out so = max(so1, so2) = 8. If we
test the core with p test patterns we get from Equation (2.3) that the test
application time is

t = (max(9, 8) + 1) · p + min(9, 8) = 10p + 8. ❏



Chapter 3

Related Prior Work

The purpose of this chapter is to give a brief overview of some of the
research that has been done related to the work presented in this thesis. In
the following sections we will describe some issues related to system chip
testing.

3.1 Wrapper Design

Iyengar et al. [13] and Marinissen et al. [18] addressed the problem of test
wrapper design for cores. Given a core the problem is to find a configura-
tion which minimizes the test application time for the core. The maximum
number of wrapper chains allowed in the configuration is given as the num-
ber of TAM wires. The problem is as follows.

Problem 3.1: Wrapper design. Given the maximum number of wrapper
chains w and a core, design a wrapper such that the testing time of the
core is minimized. ❏

Marinissen et al. [18] proved that this problem is NP-hard, so for cores
with many wrapper elements we need a heuristic to solve the problem.
They also proposed an algorithm for a solution of this problem. Iyen-
gar et al. [13] presented a better algorithm (Algorithm 3.1) using a best fit
decrease (BFD) [6] heuristic.

3.2 Test Scheduling

When planning the testing of a complete system one has to consider internal
tests for the embedded cores and also the interconnections among the cores.
We will not consider interconnection tests in this thesis, as they have a low
impact on the total test application time for an SOC. Internal testing of
a core means applying a set of test patterns to it. Test scheduling gives
an order of internal tests for all cores in a system. There are often some
constraints that have to be considered during test scheduling. One is the

19
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1: {Part 1}
2: Sort the scan chains in descending order of length.
3: for all scanchains s do
4: Find wrapper chain wcmax with current maximum length.
5: Find wrapper chain wcmin with current minimum length.
6: Assign s to wrapper chain wc such that

�(wcmax) − (�(wc) + �(s))

is minimum and non-negative.
7: if there is no such wrapper chain wc then
8: Assign s to wcmin.
9: end if

10: end for
11: {Part 2}
12: Add the functional inputs to the wrapper chains created.
13: {Part 3}
14: Add the functional outputs to the wrapper chains created.

Algorithm 3.1: DesignWrapper [13]

limited number of TAM wires for the whole system. This is limited since the
number of SOC I/O pins is limited. Often the wrapper configurations of the
cores are not given. Thus the problem is to design wrapper configurations
for the embedded cores and for each core schedule a time interval and
assign TAM wires for the testing of it. In most cases the objective is to
minimize the total test application time for the system. There has been a
lot of research in this area where the problems discussed are very similar.
The general problem of wrapper/TAM co-optimization1 is shown to be
NP-hard and is stated as follows [13].

Problem 3.2: Test scheduling. Given an SOC having N cores and a total
TAM width w, determine an assignment of cores to TAM wires, and a
wrapper configuration for each core, such that the total testing time is
minimized. ❏

The problem can be solved for different test architectures, most of-
ten different types of test bus architectures. Several algorithms, based on
heuristic methods, have been proposed for the solution of the test schedul-
ing problem [13], [14], [15], [26].

1concurrent optimization
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3.3 Test Power Consumption

Due to several factors in the manufacturing process there are limitations
of the power consumption [3]. Therefore, in test applications the power
consumption should be carefully considered. Otherwise the system under
test may be damaged due to overheating. For this reason there are often
power constraints in test scheduling.

We will in this section present some power models that have been used in
related work. Further, we will discuss prior work in test power minimization
and power constrained test scheduling.

3.3.1 Power Approximation Models

Chou et al. [3] used a constant value for the test power consumption for
a core. Rosinger et al. [28] refer to this as the global peak power ap-
proximation model, illustrated in Figure 3.1. This power approximation
model has been used in many power constrained test scheduling algo-
rithms [2], [3], [11], [17], [31]. This model approximates the power at any

Ppeak
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Figure 3.1: Global peak approximation model

time P (t) to the global peak value, and thus guarantees that power con-
straints are satisfied. However, in some cases it can bee too pessimistic
since it overestimates the power consumption.

Another simple model is the average power model that approximates
the power function P (t) to the average value. However, this is a rather
optimistic model and is not suitable for test scheduling, as it does not
guarantee that the power limit is met.

3.3.2 Test Power Minimization

In some applications, the power consumption has been treated as a design
objective, instead of a constraint. The objective has been to minimize the



22 Related Prior Work

power consumption.
Ghosh et al. [7] studied scan cell reordering (reordering of the flip-flops

in a core’s scan chains) with the objective to minimize the test power
consumption and area. For the power estimation, their technique is based
on the test stimuli. Dabholkar et al. [4] used a similiar approach, based on
test stimuli analysis and reordering, but only targetting minimization of
power consumption. Bonhomme et al. [1] also studied scan cell reordering,
considering both test stimuli and test responses in the power calculations.

Test power minimization, without reordering of scan cells, was stud-
ied by Flores et al. [5] and Girard et al. [8], where the power estimation
techniques are based on the Hamming distance between the test stimuli.

3.3.3 Power Constrained Test Scheduling

The global peak power model is the most frequently used model in power
constrained test scheduling algorithms. Chou et al. [3] considered test
scheduling for VLSI systems under power constraints and resource conflicts.
For each test they assume that a power function P (t) is given. To simplify
their analysis they use the maximum value of P (t) as a fixed value for each
test. The global peak power model has also been used as power estimation
in other related work [12], [17], [23], [32].

Huang et al. [11] considered the power constrained test scheduling prob-
lem based on a bin packing heuristic. In the proposed solution of this prob-
lem the authors use the global peak power model for each core, no matter
what the wrapper configuration is. Thus it is assumed that the power is
constant during the entire time the core is tested. The same approach is
taken by Xia et al. [31]. The idea in these algorithms is that each core is
represented by a set of three-dimensional blocks. Each wrapper configura-
tion of a core is represented with a block where the sides are

• the test application time,

• the test width, that is, the number of wrapper chains, and

• the maximum test power consumption.

For a core-based system, choosing exactly one block for each core and
packing them in a coordinate system (time,width,power) will give an order
of the tests, that is, a test schedule for the SOC. This will also give a
wrapper configuration for each core. The goal is to minimize the system
test application time while not exceeding the power limit. Usually test bus
architectures are considered.

Pouget et al. [25] studied test scheduling with multiple constraints.
Among them are power constraints and as done in previous work, the au-
thors use the global peak approximation model. Besides power constraints,
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their technique handles test conflicts due to cross-core (interconnection)
testing, precedence constraints and hierarchical SOCs, that is SOCs where
cores are embedded in cores. We will not address these issues in this thesis.

The global peak power model was also used by Chakrabarty [2] in the
context of design of test access architectures under power constraints.

Nourani and Chin [24] studied test scheduling with constraints on test-
ing time and/or power consumption. They presented a test scheduling
methodology, also based on the global peak power model, that allows the
SOC test designer to tradeoff power versus time.

We should also mention that there are other ways of dealing with chip
overheating during test. Recently, Rosinger et al. [27] discussed local heat-
ing, due to the non-uniform distribution of power across a chip. They
proposed a thermal model in order to guide the test scheduler to produce
safe test schedules.

3.4 Power Profile Reshaping

Rosinger et al. [28] presented some work about power profile reshaping.
The idea is to do manipulations so that the power function behaves in a
different way better suited for applications such as test scheduling. Their
proposed technique separates the power function into a low part and a high
part. This results in the two local peak power approximation model [28],
illustrated in Figure 3.2. The figure also illustrates the approximation error
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Figure 3.2: The two local peak power approximation model

improvement when this model is used instead of the global peak power
approximation model. The function that approximates the power is given
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by

P (t) =
{

Plo for 0 � t � Llo,
Phi for Llo < t � Llo + Lhi.

(3.1)

The methods used are test pattern reordering and test sequence ex-
pansion. Test pattern reordering determines an order in which the test
patterns in a test set should be applied. The ordering has been done in
such a way that the patterns generating low power are chosen first. The
high power test patterns are chosen at the end.

Test sequence expansion is used to eliminate the global peak power
value. It can also lower local peak power values. The idea is to insert a
new test pattern between two existing test patterns. Choosing the bits in
the new test pattern in a good way can lower the power function locally2.
However this will affect the test application time since the number of test
patterns is increased.

Test pattern reordering for power reduction, based on the test stimuli,
has also been used in other related work [4], [5], [8]. One remark is that
none of the mentioned related approaches in this section takes the wrap-
per configuration for a core into account when estimating the test power
consumption.

3.5 Summary

In this chapter we have described some work already done in power model-
ing, test scheduling and other related topics. We saw that in most cases we
need to control the total power consumption during testing. Otherwise the
system under test can be damaged. In prior work on power constrained test
scheduling the main focus has not been to study the power consumption
and its behavior during testing. Using the global peak power model guar-
antees that the power limit is not exceeded, since the power consumption is
never underestimated. However, it is a pessimistic model and one can think
that a better power model would give better results, that is, lower testing
time. One simple example is two cores with their peak power values at dif-
ferent times. Using the global peak power model in a scheduling algorithm
would give a test schedule where the two cores are tested sequentially, if
the sum of their peak powers is larger than the power limit. Using a more
precise power model would make it possible to schedule the two concurrent
tests without exceeding a given power limit. Thus using a better model
would increase the parallelism of the testing.

2in an environment of the two test patterns



Chapter 4

Power Modeling

In this chapter we will develop a model for the power consumption during
testing of an embedded core. We will present the theoretical discussions
and results in this chapter.

4.1 Power Calculation

The power consumption in CMOS circuits is the sum of a static part and
a dynamic part [30]. The static power consumption is constant and dom-
inated by the dynamic part. Therefore we will neglect the static power
consumption in our calculations.1 The dynamic power is given by

Pdyn =
α · C · V 2

DD · f
2

. (4.1)

The factors in Equation (4.1) are

• the switching activity α,

• the capacitance C,

• the voltage VDD, and

• the clock frequency f .

The switching activity during a clock cycle is the number of gate output
transitions in the system. A transition is when an output in a circuit
changes state from logic 0 to logic 1 or vice versa. During testing, this
depends on the inputs to the system, and therefore the power consumption
vary depending on the test data [17].

One important observation of Equation (4.1) is that if α ∈ N is small
for a system we can test it at high clock frequencies which in turn will lower

1The power model can easily be extended to consider the static part by adding a
constant static power to the calculations.

25
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the test application time. However, we will not consider variations in the
clock frequency in our calculations.

An important remark is that during testing we can always shift test
patterns into and out of the chip at lower clock frequencies in order to
reduce the power consumption. However this does not change the behavior
of the power function, that is, peak powers will still occur at the same clock
cycles, but will have lower values. Studying the switching activity can help
reducing or eliminating local peak powers.

We will assume that the capacitance, the voltage and the clock fre-
quency are fixed for a given core [30]. Therefore f , C and VDD in Equa-
tion (4.1) are regarded as constants for a certain core and it follows that the
power consumption is proportional to the switching activity. The switch-
ing activity depends on the inputs to the system, which during testing is
the test data [17]. Further, we assume that the transitions in the inputs
and outputs, that is, the test stimuli and test responses, are related to the
switching activity [1], [7], [29].

4.2 Counting Transitions in Shift Registers

Testing a core means shifting in bits into the wrapper chains constituting
the wrapper configuration. Since wrapper chains can be viewed as shift
registers we will start by analyzing the number of transitions in a general
shift register.

Notations

We will begin with introducing some notations that will be used in the later
discussions. Consider a shift register of length n > 0. The shift register
consists of the flip-flops ff1, . . . , ffn. Let x = (x1, . . . , xn) be the value of
the register, that is, flip-flop i has the value xi.

Shifting in a bit b ∈ {0, 1} into the shift register will have the following
effect:

• xn, the value of the last flip-flop, will be shifted out,

• flip-flop 1 will get the value b, and

• flip-flop i will get the value xi−1, 1 < i � n.

Thus the value of the register after one clock cycle is y = (b, x1, . . . , xn−1).
Shifting in a sequence of bits b = (b1, . . . , bm) ∈ {0, 1}+, m � 1, means

shifting in the bits into the shift register in the order bi, i : m → 1, that is,
the bit bm is shifted in first and b1 is shifted in last.
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Counting Transitions

We will start our discussion with the following introductory example.

Example 4.1: Assume that we have a shift register (scan chain) of length 3
with value x = (0, 0, 0). We consider shifting in the bits b = (1, 0, 1). As
described before, b(3) will be shifted in first, then b(2) is shifted in and at
last b(1). Figure 4.1 illustrates the values in the register during the shifting.

FF1 FF2

0

0

0
1

FF3

0
1
2
3

Clock cycle

Shift in

0

0
1

0

0

1
0
0

Shift out

=(0,0,1)b

Initial values

Figure 4.1: The shift register in Example 4.1

The first row in the figure contains the initial value of the register. The
other three rows are the values after each clock cycle. We see that during
the first clock cycle flip-flop 1 is switching from logic 0 to logic 1. During
the second clock cycle flip-flops 1 and 2 are switching, and during the third
and last clock cycle all flip-flops are switching ❏

In general shifting in m bits in a shift register of length n will take m
clock cycles. During each clock cycle the maximum number of transitions is
n. We will model the transitions during shifting according to the following
definition.

Definition 4.2: Transition matrix. Assume that we have a shift register
consisting of n flip-flops. Also assume that we shift in a bit sequence of
length m. For this we associate an m×n transition matrix T according to

T =




t11 · · · t1n

...
. . .

...
tm1 · · · tmn


 ,

where tij = 1 if during clock cycle i there has been a transition in flip-flop
j, and tij = 0 if a transition hasn’t occured. We will write T (x, y) for the
transition matrix when shifting in y in a shift register with value x. ❏

Notice that the transition matrix in Example 4.1 is
 1 0 0

1 1 0
1 1 1


 . (4.2)

Next we will consider a general shift register and in the following we
will derive a transition matrix for it.
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Remark 4.3: A flip-flop with value x ∈ {0, 1} and incoming value y ∈
{0, 1} will switch during next clock cycle if and only if x 
= y, that is, if
and only if x ⊕ y = 1, where ⊕ is the exclusive-or operator. ❏

Now consider a shift register of length n with value x = (x1, . . . , xn).
In the following we will derive the transition matrix obtained by shifting in
y = (y1, . . . , yn). As in Figure 4.1 we can write down a table of the values
in the flip-flops after each clock cycle during shifting.

ff1 ff2 . . . ffi . . . ffn−1 ffn

x1 x2 . . . xi . . . xn−1 xn

yn x1 xi−1 xn−2 xn−1

yn−1 yn

...
... xn−2

... yn−1 x1

...
...

...
... yn

...
...

...
...

... x1

...

y2

...
... yn x1

y1 y2 . . . yi . . . yn−1 yn

From this and Remark 4.3 we see that for 1 < i < n the ith column in the
n × n transition matrix looks like



xi ⊕ xi−1

xi−1 ⊕ xi−2

...
x2 ⊕ x1

x1 ⊕ yn

yn ⊕ yn−1

yn−1 ⊕ yn−2

...
yi+1 ⊕ yi




. (4.3)

The first and last columns are respectively


x1 ⊕ yn

yn ⊕ yn−1

yn−1 ⊕ yn−2

...
y2 ⊕ y1


 and




xn ⊕ xn−1

xn−1 ⊕ xn−2

...
x2 ⊕ x1

x1 ⊕ yn


 . (4.4)

It should be noticed that for each diagonal in the transition matrix the
elements are identical, and thus the transition matrix is determined by its
first row and first column. These discussions can be summarized as follows.
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Result 4.4: Given is a shift register with value x = (x1, . . . , xn). The bits
in the sequence y = (y1, . . . , yn) are shifted in. The n×n transition matrix
is written like T = (tij) as in Definition 4.2. For the first row and first
column we have:

t11 = x1 ⊕ yn (4.5)

t1j = xj−1 ⊕ xj where 1 < j � n (4.6)

ti1 = yn−i+2 ⊕ yn−i+1 where 1 < i � n (4.7)

For the rest of the matrix entries we have

tij = t1(j−i+1) for all i, j such that i � j � n (4.8)

and
tij = t(i−j+1)1 for all i, j such that 1 � j � i. (4.9)

❏

Equations (4.5)–(4.7) give the first row and first column in the transition
matrix. Equation (4.8) means that all elements in an upper diagonal are
the same, and Equation (4.9) is the same for lower diagonals. A recursive
alternative to Equation (4.8) and Equation (4.9) is

tij = t(i−1)(j−1) where 1 < i, j � n. (4.10)

Now consider the case when |y| = m > n = |x|. With Result 4.4 we can
recursively calculate the transition matrix for this case. The calculation has
two parts. First we consider the first n bits that will be shifted in. Then
we consider the remaining bits. This will give two transition matrixes,
Ta and Tb, which then will be concatenated to form T (x, y). Now let
ya = (ym−n+1, ym−n+2, . . . , ym) and yb = (y1, y2, . . . , ym−n). Further let
Ta = T (x, ya) and Tb = T (ya, yb). The whole transition matrix will now
be (

Ta

Tb

)
. (4.11)

Notice that Ta is n × n and Tb is (m − n) × n.
Now the reverse case, |y| = m < n = |x|, will be studied. We will

first consider the transition matrix for the m first flip-flops in the shift
register. Then we will consider a shift register with the rest of the n − m
flip-flops. Now let xa = (x1, x2, . . . , xm) and Ta = T (xa, y). Further let
yb = (x1, . . . , xm) and xb = (xm+1, xm+2, . . . , xn) giving Tb = T (xb, yb).
Then the whole transition matrix is(

Ta Tb

)
. (4.12)

Notice that Ta is m × m and Tb is m × (n − m).
We will illustrate the recent discussions with the following example.
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Example 4.5: Consider the shift register illustrated in Figure 4.1 where
all flip-flops are initially set to zero. We will consider shifting in y =
(1, 1, 0, 1, 0, 1). Further we partition y into y1 = (y(4), y(5), y(6)) and
y2 = (y(1), y(2), y(3)). Then the transition matrix is of the form in Equa-
tion (4.11) where Ta = T (x, y1) and Tb = T (y1, y2). The matrix Ta is the
same as in (4.2). Using Equations (4.5)–(4.7) we calculate the first row and
column of Tb giving


y

(1)
1 ⊕ y

(3)
2 y

(2)
1 ⊕ y

(1)
1 y

(3)
1 ⊕ y

(2)
1

y
(3)
2 ⊕ y

(2)
2

y
(2)
2 ⊕ y

(1)
2


 =


 1 1 1

1
0


 .

Knowing that each diagonal in a transition matrix consists of either only
zeros or only ones we get

Tb =


 1 1 1

1 1 1
0 1 1


 ,

and the whole transition matrix is

T =
(

Ta

Tb

)
=




1 0 0
1 1 0
1 1 1
1 1 1
1 1 1
0 1 1




. ❏

For an m × n transition matrix (tij) we will now associate a transition
function

Tr : {1, . . . , m} −→ N (4.13)

where

Tr(i) =
n∑

j=1

tij (4.14)

is the number of transitions during the ith clock cycle.
Now consider a transition matrix T (x, y), where |x| = m and |y| = n.

From Result 4.4 and the other discussions we conclude that the elements to
the right of the main diagonal in the transition matrix only depend on x.
Similarly the elements to the left of the main diagonal depend only on y.
The main diagonal depends on both x and y, that is, x1 and yn. Therefore
we divide the function representing the number of transitions in several
parts, Tr = Tr x + Tr x,y + Tr y. For an m×n transition matrix T = (tij) we
define the parts according to the following equations:

Tr x(i) =
∑

i<j�n

tij (4.15)
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Tr y(i) =
∑

1�j<i

tij (4.16)

Tr x,y(i) = tii (4.17)

Further, we have 1 � i � m and

0 � Tr x,y(i) � 1. (4.18)

It is notable that Tr x is a decreasing function and Tr y is an increasing
function. This is seen in the transition matrix for the transition function
Tr . Thus we have

Tr x(i) � Tr x(i − 1) (4.19)

and
Tr y(i) � Tr y(i − 1). (4.20)

4.3 Counting Transitions when Testing Cores

We will now consider a core with a given wrapper configuration K =
{wc1, . . . ,wcn}. The values si and so are the scan-in and scan-out accord-
ing to Definition 2.9 on page 17. Further let sii = siwci and soi = sowci

according to Definition 2.7 on page 17. Assume that the test response
for the previous test stimulus, that is, the core’s current state, is given.
We want to test the core with a test stimulus. Let the test response for
wrapper chain wci be ri where |ri| = |wci|. The test stimulus for the
ith wrapper chain is si, |si| = sii. Before the capture cycle all test data
has to be shifted into the wrapper chains. This shift in time is exactly
tin = max(si, so). If the test stimulus is the first to be tested then the shift
in time is si. Thus exactly tin bits are shifted into every wrapper chain.
Due to possible unbalanced wrapper chains, this will mean shifting in one
or more idle bits into some wrapper chains before the actual test stimulus.
Thus, if tin > sii for a wrapper chain wci, the test stimulus will be given
by sidi, where di consists of |di| = tin − sii idle bits. From now on we will
assume that all bits in di have the same value as the last bit in si, that
is d

(k)
i = s

(sii)
i for all 1 � k � |di|. This is called minimum transition fill

(MT-fill) [7], [29]. Further, if tin = sii then the idle bits are di = ε.
We will treat the wrapper chains as shift registers and therefore we can

calculate the number of transitions for each wrapper chain according to
Section 4.2. For every wrapper chain wci we have a corresponding tin ×
|wci| transition matrix T (ri, sidi), and further a corresponding transition
function Tr i : {1, . . . , tin} −→ N, representing the number of transitions
during shifting. The function Tr i can be divided into three parts Tr ri ,
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Tr si and Tr ri,si
according to Equations (4.15)–(4.17). The total function

representing the transitions in the core can be written as

Tr =
n∑

i=1

Tr i. (4.21)

As before we can identify Tr by three parts Tr r, Tr s and Tr rs where

• Tr r(k) is the number of transitions during clock cycle k that only
depend on the test response,

• Tr s(k) is the number of transitions during clock cycle k that only
depend on the test stimulus, and

• Tr r,s(k) is the number of transitions during clock cycle k that depend
on both.

These three parts are given by the following equations:

Tr r =
n∑

i=1

Tr ri (4.22)

Tr s =
n∑

i=1

Tr si (4.23)

Tr r,s =
n∑

i=1

Tr ri,si
(4.24)

From (4.18) we get for a configuration K that

0 � Tr r,s(k) � |K|. (4.25)

From this we conclude that we can make the approximation

Tr ≈ Tr r + Tr s. (4.26)

Also Equation (4.19) and Equation (4.20) imply that Tr r is a decreasing
function and Tr s is an increasing function.

When a test stimulus is applied we model the transitions that occur
during capture cycles as the number of bits in the test stimulus and the test
response that differ. We will end this section with an example illustrating
the concepts discussed in this section.

Example 4.6: Assume that we have a core with two wrapper chains in
the state illustrated in Figure 4.2. We want to shift in a test stimulus
illustrated by the state in Figure 4.3. For the wrapper chains wc1 and
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Figure 4.2: The initial state of the core in Example 4.6
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Figure 4.3: The next state of the core in Example 4.6

wc2 illustrated in the figures we clearly have si1 = 3, si2 = 4, so1 = 4 and
so2 = 2. Thus for this configuration we get si = so = 4.

From Figure 4.2 we see that the values in the wrapper chains are r1 =
(0, 1, 1, 0) and r2 = (1, 1, 1, 0). Figure 4.3 gives the test stimuli for the two
wrapper chains as s1 = (1, 1, 1) and s2 = (1, 1, 1, 0). Since si1 = 3 < 4 = si
we need to add one bit to s1. We will add the idle bit 1 to the test stimulus
giving s1d1 = (1, 1, 1, 1).

We can now calculate the two transition matrixes as

T1 = T (r1, v1d1) =




1 1 0 1
0 1 1 0
0 0 1 1
0 0 0 1
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and

T2 = T (r2, v2) =




1 0 0 1
1 1 0 0
1 1 1 0
0 1 1 1


 .

The function representing the number of transitions can now be calculated
as

Tr (i) =
∑

j=1,2

(sum of row i in matrix Tj) , i = 1, 2, 3, 4 = si = so.

Finally we get Tr (1) = Tr(3) = 5 and Tr(2) = Tr (4) = 4. ❏

Figure 4.4 shows a detailed plot of a function representing the number
of transitions during shifting in of one test stimulus for a small core under
a configuration of two wrapper chains. The figure shows one part of the
function that only depends on the previous test response and the other
part that depends on the test stimulus. The part that depends on both is
identically zero in this case, and thus it is not included.
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Figure 4.4: A detailed plot of the transitions function

4.4 Test Pattern Reordering

We have now discussed the power consumption during test of a core. In
Section 3.4 on page 23 we saw that some work, based on test pattern
reordering techniques, has been done related to lowering the test power
consumption.
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By applying test patterns in different orders we will get different transi-
tion functions, representing the number of transitions during test. An order
of a set of test patterns is a permutation of the set. Let TS = {tp1, . . . , tpp}
be a set of p test patterns. We will write an order as a sequence of elements
in TS. For example, the sequence o = (tp3, tp2, tp4, tp1) is an order of the
test pattern set {tp1, tp2, tp3, tp4}.

We can extend the power model by reordering test patterns, giving
different behaviors on the transition function. For example, consider two
cores, one with test patterns ordered such that the transition function is
increasing, and the other with a test pattern order for a decreasing transi-
tion function. With these orders, testing the two cores concurrently could
give a lower total power consumption than it would be without test pat-
tern reordering. We will in the rest of this section discuss the test pattern
reordering problem with respect to increasing/decreasing transition func-
tions.

Modeling

We will model the test pattern reordering problem using graphs. Consider
a core with a given set of test patterns TS = {tp1, . . . , tpp}. As done by
Dabholkar et al. [4] and Rosinger et al. [28], we create a transition graph
which is a complete directed graph associated with a cost function. Thus,
we will view the transition graph as a tuple TG = (TS, E) where the set
of edges is

E = TS × TS \ {(tp, tp) : tp ∈ TS}.
A complete directed graph with edge costs is illustrated in Figure 4.5.

The cost function Tr : E −→ N is defined as Tr(tpi, tpj) to be the
maximum number of transitions when tpj is applied after tpi. This can be
computed with the results presented earlier in this chapter. If we have p
test patterns, the transition graph has p(p − 1) edges, since it is complete.
Thus it requires p(p− 1) circuit simulations to create the transition graph.
However, using the approximation given by Equation (4.26) we only need
p simulations.

Notice that an order of test patterns corresponds to a Hamiltonian path
in the transition graph. A Hamiltonian path is a path that visits each
vertex in a graph exactly once. Thus test pattern reordering problems can
be formulated as graph traversal problems. Our problem is equivalent to
the problem of finding a Hamiltonian path in a transition graph, such that
the edge costs are increasing/decreasing. However, this may not always be
possible. We will discuss this in the following example.

Example 4.7: It may not always be the case that an increasing/decreasing
edge cost Hamiltonian path exists in a complete directed graph. Figure 4.6
shows a fraction of such a graph.
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Figure 4.5: A complete directed graph with four vertices
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Figure 4.6: A part of a complete graph with no increasing or decreasing
edge cost Hamiltonian path

Let m be the smallest cost and M be the largest cost in the whole graph.
In the figure vertex 1 has low cost incoming edges but high cost outgoing
edges. For vertex 2 the case is the opposite. If the order has the form
(. . . , 1, . . . , 2, . . .) the costs will have the order . . . , m, M, . . . , M, m, . . ., that
is, when visiting vertex 1 it will cost m but the next visited vertex will cost
M . Eventually we must visit vertex 2. This will yield a non-increasing and
non-decreasing edge cost sequence. The same reasoning can be applied to
the case where the order has the form (. . . , 2, . . . , 1, . . .). ❏
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Algorithms

We present two algorithms (Algorithms 4.1–4.2) for test pattern reordering,
one for the case of an increasing transition function and one for a decreasing
transition function. The algorithms are based on simple greedy heuristics.

Algorithm 4.1 tries to find an increasing edge cost path for a transition
graph. We start by finding the edge with minimum cost. This will give the
first two test patterns in the order. Then we iterativelly choose an outgoing
edge from the last chosen vertex, such that the cost will increase. If this is
not possible we select the edge with minimum cost.

Algorithm 4.2 works in a similar way. The main difference from Algo-
rithm 4.1 is that we will construct the Hamiltonian path starting from the
end. We will illustrate the behavior of the two algorithms in the following
example.

Require: The transition graph TG = (TS, E) with a cost function Tr :
TS −→ N is given. TS = {tp1, . . . , tpp}.

1: o ← ε {Start with “empty” order}
2: Find edge (tpi, tpj) with minimum cost Tr(tpi, tpj)
3: o ← o ◦ (tpi, tpj)
4: while |o| < p do
5: L ← |o|
6: Find vertex tp ∈ TS, tp /∈ o, such that Tr (o(L), tp) is minimum and,

if possible, � Tr (o(L−1), o(L))
7: o ← o ◦ (tp)
8: end while{The final order of test patterns is o}

Algorithm 4.1: Test pattern reordering for an increasing transition func-
tion

Require: The transition graph TG = (TS, E) with a cost function Tr :
TS −→ N is given. TS = {tp1, . . . , tpp}.

1: o ← ε {Start with “empty” order}
2: Find edge (tpi, tpj) with minimum cost Tr(tpi, tpj)
3: o ← (tpi, tpj) ◦ o
4: while |o| < p do
5: Find vertex tp ∈ TS, tp /∈ o, such that Tr (tp, o(1)) is minimum and,

if possible, � Tr (o(1), o(2))
6: o ← (tp) ◦ o
7: end while{The final order of test patterns is o}

Algorithm 4.2: Test pattern reordering for a decreasing transition func-
tion
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Example 4.8: Consider the transition graph in Figure 4.5. Using the algo-
rithm for an increasing transition function we will find that the edge (1, 4)
has minimum cost Tr (1, 4) = 13. Thus the order so far is o = (1, 4). Now
we check the outgoing edges to vertex 4. These have costs Tr (4, 2) = 14
and Tr (4, 3) = 20. We will choose vertex 2, and finally we must choose
vertex 3, yielding the final order o = (1, 4,2,3).

The algorithm for a decreasing transition function will, as above, start
with the order o = (1, 4). Now we will check all incoming edges to vertex 1.
These have costs Tr(2, 1) = 19 and Tr(3, 1) = 23. We will choose vertex 2,
giving the order o = (2, 1, 4). The last iteration will choose vertex 3 since
it is the only one left. Thus, the final order will be o = (3, 2, 1, 4). ❏



Chapter 5

Test Scheduling

We will in this chapter address the problem of power constrained test
scheduling. We will focus on a complete core-based SOC and we will present
techniques for scheduling tests targetting minimization of testing time while
considering power constraints.

5.1 The Power Constrained Test Scheduling
Problem

We have in earlier chapters discussed the importance of considering power
constraints when scheduling core tests for an SOC. In this thesis we have
restricted the power constrained test scheduling problem to SOCs with
fixed-width test bus architectures, described in Section 2.3.1. The problem
that we will discuss in this chapter can be stated as follows.

Problem 5.1: Power Constrained Test Scheduling (PCTS). Given an SOC
with N cores, a maximum power limit Pmax and a test bus architecture
with m TAMs of widths w1, . . . , wm respectively, determine an assignment
of cores to TAMs and a wrapper configuration for each core such that the
total testing time is minimized and the power consumption of the SOC
doesn’t exceed Pmax during the whole test. ❏

We will in the rest of this chapter describe our approach to this problem
using the power modeling techniques in Chapter 4.

5.2 Scheduling with Given Test Architecture

Notations

We will use some basic notations in the algorithm that describes our schedul-
ing technique. We will assume that we have an SOC represented by the
set SOC = {C1, . . . , Cn}, where Ci is a core, and that the test architecture

39
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is composed by m TAMs where wj is the width of TAMj . We can repre-
sent the test architecture with the set TAMs = {TAM1, . . . ,TAMm}. The
width of TAMj is denoted ω(TAMj) or, when no misunderstandings can
occur, wj . The notations are described in Table 5.1.

Notation Description
Pi,j The power consumption function when core i is

tested with configuration given by DesignWrap-
per [13] (Algorithm 3.1) with wj TAM wires.

area(f) The area under the graph of the discrete function f ,
D(f) ⊆ N, that is,

∑
k∈D(f) f(k).

τ(TAMj) The current scheduled time on TAMj .
τ(Ci, wj) The testing time of core Ci with test width wj .

Table 5.1: Notations for the scheduling algorithm

We will use notations for test schedules according to the following def-
inition.

Definition 5.2: Test schedule. Given are the sets SOC = {C1, . . . , Cn}
and TAMs = {TAM1, . . . ,TAMm}, representing an SOC with a fixed-
width test bus architecture. A test schedule for the SOC is a mapping

sch : TAMs −→ SOC∗

such that

(i)
∑m

j=1 |sch(TAMj)| = |SOC|, and

(ii) ∀i ∃j : Ci ∈ sch(TAMj).

❏

The two conditions in the definition mean that every core in the SOC is
assigned exactly one TAM. Note that we are only considering fixed-width
test bus architectures. The testing time for the schedule in Definition 5.2
is

τ(sch) = max
j

τ(TAMj).

Example 5.3: Figure 2.7 on page 12 illustrates a test schedule for an SOC
with four cores CA, CB, CC and CD. The test schedule is a mapping

sch : {TAM1, TAM2} −→ {CA, CB , CC , CD}∗

where sch(TAM1) = (CB, CD) and sch(TAM2) = (CA, CC).
The testing time for the SOC with the schedule sch can be written as

max
(
τ(CB) + τ(CD), τ(CA) + τ(CC)

)
. ❏
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The Heuristic

The complete test scheduling heuristic is presented in Algorithm 5.1. One
basic idea in the heuristic is that we use a global structure Ptot for keeping
the total power consumption for each clock cycle, considering the tests that
are scheduled. The total test power consumption Ptot is updated when a
new test is scheduled.

With the power modeling techniques we can calculate the power func-
tion for every core and TAM. These power functions are denoted Pi,j , as
described earlier. In the beginning of the scheduling all TAMs have no
scheduled time. The first step will be to, for each core, choose a TAM
which will give minimum area of the power function. In this way we map
every core to one TAM. Thus we will have one power function for each
core. Choosing the function with the largest area implies that a core and
a TAM is chosen. This will give an initial schedule for which we will build
on.
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Figure 5.1: Illustration of the best fit principle in test scheduling

The main idea in this heuristic is to schedule cores on TAMs such that
it will give best fit to the current schedule. This is illustrated in Figure 5.1
in which we have two alternatives, A and B. For this example B gives the
best fit to the current schedule, since ∆tB < ∆tA. Thus, core B will be
scheduled. If there is no scheduling alternative that fits into the current
schedule we must make a decision which will increase the current testing
time. In this case we will, similar to the first step, choose a core and TAM
with maximal power area.
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Require: Given is an SOC with cores SOC = {C1, . . . , Cn}, power limit
Pmax and a partitioning of the available TAM wires w = w1 + . . . +
wm where the test architecture is TAMs = {TAM1, . . . ,TAMm} and
ω(TAMj) = wj .

1: repeat
2: sch : TAMs −→ SOC∗, sch(TAM) ← ε ∀TAM ∈ TAMs, is the

initial schedule.
3: unScheduled ← {i : core i is not scheduled}.
4: if the scheduled time is equal on all TAMs then
5: for all cores Ci, i ∈ unScheduled, do
6: Choose TAMJi

such that

area(Pi,Ji
) = min

j

{
area(Pi,j) : Ci can be scheduled on TAMj

without exceeding Pmax

}
.

7: end for
8: Choose core CI , I ∈ unScheduled, such that

area(PI,JI
) = max

i
{area(Pi,Ji

) : i ∈ unScheduled}.

9: Schedule core CI on TAMJI
, that is, sch(TAMJI

) ←
sch(TAMJI

) ◦ (CI).
10: else
11: Find TAMmax with current most scheduled time.
12: Schedule core CI on TAMJ such that

τ(TAMmax) − (τ(TAMJ) + τ(CI , wJ))

is minimum and non-negative, and without exceeding Pmax.
13: if there is no such pair (CI , TAMJ) then
14: for all cores Ci, i ∈ unScheduled, do
15: Choose TAMJi

such that

τ(TAMJi
) + τ(CI , wJi

) − τ(TAMmax)

is minimum (and non-negative), and without exceeding Pmax.
16: end for
17: Choose core CI , I ∈ unScheduled, such that

area(PI,JI
) = max

i
{area(Pi,Ji

) : i ∈ unScheduled}.

18: Schedule core CI on TAMJI
.

19: end if
20: end if
21: until all cores are scheduled for test

Algorithm 5.1: TestScheduler
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Power Models

The scheduling heuristic presented in this chapter can be used with either
the global peak power model (Section 3.3) or the accurate power model
(Chapter 4).

In the end of Chapter 4 we presented techniques for test pattern re-
ordering. This is a technique on top of the accurate power model. We
can use this technique for the power modeling in the scheduling heuristic.
There is a minor difference though. Using test pattern reordering will give
two power functions for each core and TAM, one increasing power function
and one decreasing power function. Both of these have to be considered
when scheduling tests. Thus, the algorithm has the same behavior except
that we have two power functions that are checked, instead of one, for each
core and TAM.

5.3 Scheduling and Test Architecture Design

We will in this section assume that only the number of available TAM wires
is given. We will also assume that the maximum number of TAMs, B, is
given. Thus, we must make a decision of how to partition these TAM wires
into at most B TAMs and how to schedule the core tests. The goal is to
minimize the testing time while considering the power constraints. The
problem can be stated as follows.

Problem 5.4: PCTS and Test Architecture Design. Given an SOC with
N cores, a maximum power limit Pmax and w number of TAM wires, de-
sign a fixed-width test bus architecture with at most B TAMs and a test
schedule such that the total testing time is minimized and the test power
consumption of the SOC doesn’t exceed Pmax. ❏

TAM wire partitioning is similar to integer partitioning. By a partition
of a positive integer w we mean a non-empty set of positive integers, P ⊂
Z+, P 
= ∅, such that

∑
k∈P k = w. We can write a partition as a sum.

For example, w = w1 + . . . + wB represents a partition {w1, . . . , wB} of w
into B integers. Notice that we do not make any difference on the order
in partitions, that is, the two partitions of 5, 1 + 2 + 2 and 2 + 1 + 2, are
considered to be equivalent. Furthermore, we will write Pw,B for the set
of partitions of w consisting of B integers.

The algorithm for designing the test architecture is straightforward.
We use TestScheduler (Algorithm 5.1) on all possible TAM wire partitions.
Algorithm 5.2 describes the procedure in more detail.
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Require: Given is an SOC with cores SOC = {C1, . . . , Cn}, power limit
Pmax, total number of TAM wires w and maximum number of TAMs
B.

1: minTime ← +∞
2: bestTAMConfig ← ∅

3: for b = 1, . . . , B do
4: for all P = {w1, . . . , wb} ∈ Pw,b do
5: TAMs ← {TAM1, . . . ,TAMb}, ω(TAMj) = wj

6: Let sch be the schedule produced by TestScheduler (Algorithm 5.1)
with test architecture TAMs and power constraint Pmax.

7: if τ(sch) < minTime then
8: minTime ← τ(sch)
9: bestTAMConfig ← TAMs

10: end if
11: end for
12: end for
Algorithm 5.2: DesignTestArchitecture. Exhaustive search on partitions

using the scheduling technique in Algorithm 5.1



Chapter 6

Experiments

We have conducted several experiments in order to evaluate the techniques
presented in this thesis. The goal with the experiments has been to show
the importance of using our more accurate power modeling techniques,
compared to the global peak power model. In this chapter we will present
the results of several experiments conducted on SOCs with realistic sizes.
We will compare our results with some previously proposed techniques.

6.1 Implementation

To be able to run experiments we have implemented the basic concepts
presented in Chapter 2 in Java. The rest of the implementation has fo-
cused on implementing the power model (Chapter 4) and implementing
the algorithm for power constrained test scheduling (Chapter 5).

The implementation has resulted in a tool that schedules core tests for
an SOC. The inputs to the tool are an SOC benchmark with test pattern
files, the maximum allowed power consumption and the test architecture.
Figure 6.1 illustrates the inputs and outputs from the tool.

SOC
Benchmark

Power
constraint

Test
architecture

Test pattern
files

Schedule

T
E
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Figure 6.1: Inputs and outputs of the tool implemented
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6.2 Experiment Setup

We have made experiments on some designs in ITC’02 SOC Test Bench-
marks [20], [19]. For the d695 benchmark we have had access to the test
pattern files generated by Miyase and Kajihara [21]. The test patterns for
the other benchmarks have been randomly generated.

We have run the scheduling algorithm with several input values. We
used different values on the number of TAM wires and the maximum al-
lowed test power consumption.

Transformation to Power

We have in this thesis, based on Equation (4.1) in Chapter 4, assumed
that P = kα, where k is a constant. Now assume that for a core-based
SOC the peak test power consumption Pi,peak for core i is given. Having
calculated the peak value of the number of transitions during test of each
core, Tr i,peak, the proportionality constant for core i is

ki =
Pi,peak

Tr i,peak
. (6.1)

Thus, multiplying with the constant ki gives the test power consumption
for core i. This has been done in the experiments in order to compare the
results with related approaches. We used the same peak power vales as
done by Huang et al. [11] and Pouget et al. [25], for which there are no
given units on the power values. The peak power values are collected in
Table C.2 in Appendix C.

6.3 Results

In this section we will present the results of the experiments on the bench-
marks d695, p22810 and p93791. We will discuss the three following power
modeling techniques, used in the test scheduling algorithm in Chapter 5.

• GP. The global peak approximation model (Section 3.3)

• Acc. The accurate power model presented in Chapter 4

• Reord. Power modeling using test pattern reordering (Section 4.4)

For each SOC benchmark we will present the testing times obtained in the
experiments. All testing times are in clock cycles. We will also include
figures illustrating the relative difference of the testing times and the lower
bounds [9] on the optimal testing times.
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The relative difference has been calculated as (t − tLB)/tLB, where t
is the testing time and tLB is the lower bound. Notice that the optimal
testing times could be larger than the lower bounds. The lower bounds are
collected in Table C.1 in Appendix C.

6.3.1 d695

We will begin with an example of a test schedule for one experiment. Then
we present the testing times for all experiments done on d695.
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Figure 6.2: Test schedule for TAM wire partition 3+5+17+18+21 and
Pmax = 1800

Example 6.1: In this experiment we let the test architecture consist of
5 TAMs of widths 3, 5, 17, 18 and 21 respectively. The maximum allowed
test power consumption was set to Pmax = 1800. The test schedule pro-
duced by the scheduling heuristic (Algorithm 5.1) is shown in Figure 6.2.
The obtained testing time was 11526 clock cycles. ❏

For the rest of the experiments we set the maximum number of TAMs to
B = 5. The testing times are presented in Tables 6.1–6.4. Figures 6.3–6.6
illustrate the information in the tables. From the figures we can see that
using our power modeling techniques can give approximately 30% lower
testing times for w = 56 and w = 64, compared to using the global peak
power model.
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Pmax = 1500 Approach

wTAM [11] GP Acc. Reord.

16 45560 47009 44936 44936

24 31028 31458 30663 30604

32 27573 27544 23169 23488

40 20914 23937 19200 19757

48 20914 20842 17013 17663

56 16841 18909 15230 14645

64 16841 16875 12941 13056

Table 6.1: Testing times for d695 with Pmax = 1500
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Figure 6.3: Relative difference of testing times and lower bounds for d695.
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Pmax = 1800 Approach

wTAM [11] GP Acc. Reord.

16 44341 45466 44502 44936

24 29919 30926 30663 30604

32 24454 25048 22544 23488

40 20467 21344 18799 19511

48 18077 19607 16686 17013

56 14974 18553 13185 14645

64 14899 16450 11526 12212

Table 6.2: Testing times for d695 with Pmax = 1800
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Pmax = 2000 Approach

wTAM [11] GP Acc. Reord.

16 43221 44870 44502 44936

24 29419 30926 30506 30101

32 24171 25048 22544 23488

40 19206 20295 18799 19511

48 17825 18553 16506 16588

56 14128 17013 13185 14645

64 14128 14397 11526 12212

Table 6.3: Testing times for d695 with Pmax = 2000
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Pmax = 2500 Approach

wTAM [11] GP Acc. Reord.

16 43221 44502 44502 44936

24 29023 30926 30336 30101

32 23721 23525 22544 23488

40 19206 18988 18799 19511

48 15847 16506 16506 16588

56 14128 14834 13185 14645

64 12993 13098 11526 12212

Table 6.4: Testing times for d695 with Pmax = 2500
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6.3.2 p22810

For the benchmark p22810 we set the maximum number of TAMs to B =
4. We compare our results with the scheduling algorithm proposed by
Pouget et al. [25]. The testing times, along with those in [25], are presented
in Table 6.5. The results are illustrated in Figures 6.7–6.12. In Figure 6.7
we see that we will get great differences in the testing time. For w = 32
the improvement by using the accurate power modeling is approximately
100%.

wTAM 8 16

Pmax [25] GP Acc. [25] GP Acc.

3000 948481 1012296 901607 482963 664511 536978

4000 891457 971411 901607 480223 486288 490705

5000 891457 893226 893231 472026 504509 458812

6000 893050 893293 893231 475951 481217 460463

8000 892713 893296 881724 473418 450546 450051

10000 892713 893296 881724 473418 450546 450051

wTAM 24 32

Pmax [25] GP Acc. [25] GP Acc.

3000 392525 607451 395389 309255 543358 349530

4000 389243 439415 373392 324478 373375 340972

5000 382507 365562 331169 321930 320386 275106

6000 346461 343160 320316 250487 287407 253338

8000 352834 329419 308374 236186 260711 241841

10000 352834 329419 308374 236186 260711 241841

wTAM 40 48

Pmax [25] GP Acc. [25] GP Acc.

3000 356215 427876 314067 311632 363299 287642

4000 285307 317522 294380 285814 280548 262461

5000 264038 289649 240829 266166 229998 225179

6000 209559 240125 199748 175928 216632 187576

8000 195733 241182 199748 159994 216632 184728

10000 195733 241182 199748 159994 216632 179482

wTAM 56 64

Pmax [25] GP Acc. [25] GP Acc.

3000 293528 362487 280548 293021 350162 280548

4000 268272 280548 261224 268856 280548 261224

5000 257600 219244 215183 246110 219244 197593

6000 159636 207606 180063 157568 185309 175418

8000 147535 207606 166585 142056 185309 160485

10000 138542 207606 166585 128332 185309 160485

Table 6.5: p22810 testing times
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Figure 6.7: Relative difference of testing times and lower bounds for
p22810. Pmax = 3000
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Figure 6.9: Relative difference of testing times and lower bounds for
p22810. Pmax = 5000
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Figure 6.11: Relative difference of testing times and lower bounds for
p22810. Pmax = 8000
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Figure 6.12: Relative difference of testing times and lower bounds for
p22810. Pmax = 10000
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6.3.3 p93791

In this last experiment we used the largest Philips SOC in the ITC’02 SOC
Benchmark Set, p93791. The maximum number of TAMs was set to B = 3.
The results, along with the testing times in [25], are presented in Table 6.6.
Figures 6.13–6.17 illustrate the information collected in the tables. From
the figures we can see that both using the global peak power model and
the accurate power model result in testing times close to the lower bounds.
Thus, the differences are very small compared to the results in the other
experiments. However, for w = 56 in Figure 6.14 the improvement is
around 20%.

wTAM 8 16

Pmax [25] GP Acc. [25] GP Acc.

10000 3574150 3638610 3638708 1827816 1875531 1875576

15000 3574150 3638610 3608165 1827816 1875531 1835205

20000 3574150 3585140 3585267 1827816 1835416 1829232

25000 3574150 3585140 3585267 1827816 1829176 1829232

30000 3574150 3585140 3585267 1827816 1809815 1829232

wTAM 24 32

Pmax [25] GP Acc. [25] GP Acc.

10000 1220469 1275530 1275559 1117385 1223503 1223524

15000 1220469 1238982 1238983 1014616 947134 934069

20000 1220469 1233680 1233716 957921 932323 934069

25000 1220469 1233680 1233716 965383 929974 934069

30000 1220469 1233680 1233716 945425 929974 934069

wTAM 40 48

Pmax [25] GP Acc. [25] GP Acc.

10000 1091210 1002459 999845 691866 673242 673256

15000 848050 780133 773848 631214 645532 639232

20000 821575 766353 769378 658132 640602 640615

25000 821475 748140 748154 639217 612046 625476

30000 787588 748140 748154 639217 612046 625476

wTAM 56 64

Pmax [25] GP Acc. [25] GP Acc.

10000 629051 658796 658794 568734 658782 658794

15000 598481 627670 539815 486469 485297 497739

20000 549669 550636 539815 472653 485297 492463

25000 549669 545322 539815 493599 485297 481893

30000 515020 545322 539815 457862 485297 481893

Table 6.6: p93791 testing times
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Figure 6.13: Relative difference of testing times and lower bounds for
p93791. Pmax = 10000
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Figure 6.14: Relative difference of testing times and lower bounds for
p93791. Pmax = 15000
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Figure 6.15: Relative difference of testing times and lower bounds for
p93791. Pmax = 20000
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Figure 6.16: Relative difference of testing times and lower bounds for
p93791. Pmax = 25000
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Figure 6.17: Relative difference of testing times and lower bounds for
p93791. Pmax = 30000

6.4 Discussion

From the experiments on d695 we see that we will get lower testing times
when using better power modeling techniques than the global peak approx-
imation model. However, using test pattern reordering, giving increasing
and decreasing test power consumption functions, did only give better re-
sults for a few cases. This is because the test scheduling technique proposed
in this thesis doesn’t take advantage of the increasing/decreasing property
of the power functions.

From the experiments we conclude that, especially for low values on
Pmax, we will get large differences in the testing time when using power
modeling than using the global peak power model. For the p93791 SOC
the differences in the testing times are small. This is because our results
are so close to the lower bounds [9] (Table C.1 on page 71) that there is
not much space for improvements. However, in some cases we get notable
improvements using the power modeling techniques.

In general we see that using the power modeling techniques in test
scheduling is better than using the global peak power model since it results
in lower testing times.

We should also mention that our results are comparable with the results
of the test scheduling techniques in previous work by Huang et al. [11] and



60 Experiments

Pouget et al. [25]. Notice however that they use a flexible-width test bus
architecture while we are using a fixed-width test bus architecture. In
general it is profitable to use the flexible-width test bus architecture since
it allowes more test concurrency and more options in scheduling, hence
lower testing times. However, the purpose with our experiments has been
to investigate whether it is better to use accurate power modeling in a test
scheduling algorithm or not. From the tables presented in this chapter
we can see that our techniques produce lower testing times in some cases,
compared to the previous work [11], [25]. However, we cannot give any
conclusions since the test architectures used are different.



Chapter 7

Conclusions and

Future Work

In this final chapter we will discuss the results obtained in this project.
This chapter also points out possible ways to improve and extend the work
presented in this thesis.

7.1 Conclusions

We have in this thesis discussed the importance of considering the power
consumption when planning the testing of a core-based SOC. We have in
previous work seen that the global peak power approximation model is
used. This model simplifies the test power consumptionto a single value,
the peak power value.

As discussed in Section 1.4 the aim in this thesis has been to study test
power consumption and its application to power constrained test schedul-
ing for core-based SOCs. We have proposed an accurate power modeling
technique in Chapter 4. This power model is based on the number of
transitions during test, which we calculate with the test stimuli and test
responses for a core. We have also proposed algorithms for test pattern re-
ordering, affecting the behavior of the test power functions. Furthermore,
a test scheduling algorithm has been introduced, in order to show how the
power model can be integrated into scheduling algorithms.

The experimental results show that using our power modeling tech-
niques in a test scheduling algorithm will give lower test application times,
and thus lower test cost, compared to using the global peak power model.
Also, our results are comparable with several related approaches. The ex-
periments have been conducted on SOCs with realistic sizes, thus showing
that the techniques presented in this thesis are applicable on real-life ex-
amples.
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7.2 Future Work

In this thesis we have studied power modeling and test scheduling sepa-
rately. It would be possible to combine these two issues into one problem.
This could be one direction for future work. In the rest of this section we
will point out further directions for research. We will consider the power
modeling part and the test scheduling part separately.

Power Modeling

For the power modeling it would be interesting to develop techniques for
power profile reshaping. We have in this thesis used test pattern reordering.
One direction of future work could be to investigate other techniques in
order to lower the test power consumption.

Test Scheduling

For the test scheduling part it is natural to extend our techniques by using
a flexible-width test architecture, allowing to design the test architecture
and the test schedule concurrently, hence giving a more efficient scheduling
algorithm. It could also be possible to add a time constraint to the test
scheduling problem. Another possible direction could be to consider test
architectures with TAMs of type test rail (Section 2.3).

If possible, it would also be interesting to integrate our power modeling
techniques in the algorithms by Huang et al. [11] and Pouget et al. [25] to
see if the algorithms would achieve better results.
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Appendix A

Sequences

Let X 
= ∅ be a non-empty set. A sequence, of length n ∈ Z+, in X is an
n-tuple (x1, . . . , xn) where x1, . . . , xn ∈ X. All sequences in X with length
n are given by the set

Xn = {x = (x1, . . . , xn) : x1, . . . , xn ∈ X} = X × X × · · · × X︸ ︷︷ ︸
n times

. (A.1)

The number of elements in a sequence x ∈ Xn is written |x| = n. For
x ∈ Xn we denote the ith element of x by x(i). The set of all (finite)
sequences in X is

X+ =
⋃

n∈Z+

Xn. (A.2)

Clearly if x ∈ X+ there exists exactly one positive integer m such that
x ∈ Xm.

Example A.1: Consider the set B = {0, 1}. Let x1 = (1, 0, 1, 0, 1) ∈ B5

and x2 = (1, 1, 1) ∈ B3 be two sequences, where |x1| = 5 and |x2| = 3.
Then we have x1, x2 ∈ B+ since B3, B5 ⊂ B+.

We could also consider sequences of sequences, that is, for this example
the set (B+)+. One element in this set could be the sequence (x1, x2) =(
(1, 0, 1, 0, 1), (1, 1, 1)

)
with two elements. ❏

It is in some cases convenient to introduce the null sequence (or empty
sequence) ε for which |ε| = 0. Then we can introduce the set of all sequences
as

X∗ = {ε} ∪ X+. (A.3)

For the empty set ∅ we define ∅
∗ = {ε}. If x ∈ X is an element of a

sequence x ∈ X∗ we use the set notations and write, a little sloppy, x ∈ x,
and x /∈ x if it is not.

Finally we define the concatenation of two elements in X∗,

◦ : X∗ × X∗ −→ X∗,
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by
x ◦ y = (x(1), . . . ,x(|x|), y(1), . . . ,y(|y|)) for x, y ∈ X+ (A.4)

and
ε ◦ x = x ◦ ε = x for x ∈ X∗. (A.5)

Example A.2: For the two sequences in Example A.1 we have

x1 ◦ x2 = ( 1, 0, 1, 0, 1︸ ︷︷ ︸
x1

, 1, 1, 1︸ ︷︷ ︸
x2

) ∈ B8. ❏

Concatenation is associative, that is, x◦(y ◦ z) = (x ◦ y)◦z. Therefore
we can simply write x ◦ y ◦ z without any misunderstandings. It is also
notable that |x ◦ y| = |x| + |y| for x, y ∈ X∗. In general we have x ◦ y 
=
y ◦ x.



Appendix B

Terminology

ATE: Automatic Test Equipment. Off-chip test equipment that applies
test stimuli to the CUT and/or analyses test response from the CUT.

Core: A description of a pre-designed hardware module.

CUT: Circuit under test.

Scan chain: A number of flip-flops connected as a shift register.

SOC: System-on-Chip.

TAM: Test Access Mechanism. On-chip mechanism for transportation of
test patterns from/to cores.

Test stimulus: Test input bits to a core. Describes a core’s state.

Test response: The core’s response of a test stimulus.

Test pattern: A pair of test stimulus with its corresponding test response.

Test set: A set of test patterns for a core.

Test source: Storage of test stimuli.

Test sink: Stores expected test responses and compares them with the
actual test responses.

Wrapper: An embedded core’s interface to the rest of the chip.

Wrapper chain: An interconnection of scan chains and functional in-
puts/outputs.
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Appendix C

Data for some SOCs

SOC wT AM Lower bound
d695 16 40951

24 27305
32 20482
40 16388
48 13659
56 11709
64 10247

p22810 16 419466
24 279644
32 209734
40 167787
48 139823
56 119848
64 104868

p93791 16 1746657
24 1164442
32 873334
40 698670
48 582227
56 499053
64 436673

Table C.1: Lower bounds on testing times (in clock cycles) for three SOCs
used in the experiments [9]
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72 Data for some SOCs

Core d695 p22810 p93791

1 660 173 No test
2 602 1238 7014
3 823 80 74
4 275 64 69
5 690 112 225
6 354 2489 248
7 530 144 6150
8 753 148 41
9 641 52 41
10 1144 2505 77
11 - 289 395
12 - 739 862
13 - 848 4634
14 - 487 9741
15 - 115 9741
16 - 580 78
17 - 237 201
18 - 442 6674
19 - 441 113
20 - 167 5252
21 - 318 7670
22 - 1309 113
23 - 260 76
24 - 363 7844
25 - 311 21
26 - 2512 45
27 - 2921 76
28 - 413 3135
29 - 508 159
30 - - 6756
31 - - 77
32 - - 218
33 - - 396

Table C.2: Peak test power consumption values [11], [25] for the SOCs
d695, p22810 and p93791 in ITC’02 SOC Test Bench-
marks [20], [19]
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