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Abstract

This paper introduces a new concept called consecutive
testability and proposes a design-for-testability method that
makes a given SoC consecutively testable using integer lin-
ear programming (ILP). A consecutively testable SoC can
achieve consecutive application of arbitrary test sequence
at the speed of system clock. The advantage isthat it is pos-
sible to test not only logic faults but also timing faults that
require consecutive application of test patterns at the speed
of the system clock.
keywords: consecutive testability, consecutive trans-
parency, test access mechanism, system-on-a-chip, design
for testability, built-in self test

1 Introduction

A fundamental change has taken place in the way dig-
ital systems are designed by making it possible to design
an entire system, containing millions of transistors, on a
single chip. In order to cope with the growing complexity
of such systems, designers often use pre-designed, reusable
megacells knows as cores. Core-based systems-on-a-chip
(SoC) design strategies help companies significantly reduce
the time-to-market and design cost for their new products.

However, it is difficult to test SoCs after fabrication[1].
In order to make an SoC testable, the following three con-
ditions have to be satisfied. (1)There exist a test pattern
source (TPS) and a test response sink (TRS) for each core.
The TPS generates the test patterns for the embedded core
and the TRS observes the test responses. The TPS as well
as the TRS can be implemented either off-chip or on-chip.
(2)There exists a test access mechanism for each core. The
test access mechanism propagates test patterns and test re-
sponses. It can be used for on-chip propagation of test pat-
terns from a TPS to the core-under-test, and for on-chip
propagation of test responses from the core-under-test to a
TRS. (3)Interconnects that exist between cores are testable.

A major problem to make an SoC testable concerns
accessibility of embedded cores. Several design-for-
testability (DFT) techniques have been proposed. There are
three main approaches to achieve accessibility of embedded
cores. The first approach is based on test bus architectures
by which the cores are isolated from each other in test mode
using adedicated bus[4, 5, 6, 7, 8] or flexible TESTRAIL [9]
around the cores to propagate test data. Test time reduction

is the main objective in the mgjority of these methods. For
example, [7] used an integer linear programming (ILP) for-
mulation to find the best test assignment and to optimize
the bandwidth distribution among various test buses mini-
mizing test time. The second approach uses boundary scan
architectures [10, 11] to isolate the core during test. The
third approach usestransparency [13, 14, 15] or bypass[12]
mode for embedded cores to reduce the problem to one of
finding pathsfrom TPSto coreinputs and from core outputs
to TRS.

Under the design environment for SoCs, pre-computed
test sets are provided for each core. These test sets may
contain functional vectors, scan vectors or ordered test se-
guences for non-scan sequentia circuits. They may be for
logic faults such as stuck-at faults or timing faults such
as delay faults. Moreover, some cores may be able to be
at-speed testable in order to increase the coverage of non-
modeled and performance-related defects. For that reason,
it is necessary to apply arbitrary test sequence to each core
and observe its response sequence from the core consecu-
tively at the speed of the system clock. We call such atest
access consecutive test access. Although the test bus ap-
proach allows consecutively test accessfor cores, it does not
guarantee consecutive test access for interconnects. On the
other hand, boundary scan, transparency, and bypass mode
approaches allow test access for both cores and intercon-
nect. However, they do not support consecutive test access.

There are two works [16, 17] redlizing the consecutive
test access for both cores and interconnects. In [16], assum-
ing that TPS and TRS are implemented only off-chip (i.e.,
embedded cores are tested by using external automatic test
equipment), we proposed a testability of SoCs called con-
secutive testability. A consecutively testable SoC consists
of consecutively transparent cores and can achieve consec-
utive test access to all cores and all interconnects. Consec-
utive transparency of a core guarantees consecutive prop-
agation of arbitrary test/response sequence from the core
input to the core output with some latency. In [17], a
synthesis-for-transparency approach was presented to make
cores single-cycle transparent by embedding multiplexers.
This single-cycle transparency is a special case of consec-
utive transparency of [16] such that the latency of the con-
secutive transparency is restricted to zero, i.e., single-cycle
transparency is the consecutive transparency with zero la-



tency. Therefore, area overhead for making cores consecu-
tively transparent with some latency is generally lower than
that for making cores single-cycle transparent (i.e., trans-
parent with zero latency).

In this paper, we consider SoCs that include BISTed
(Built-In Self Tested) cores and opaque cores (which are
not consecutively transparent) as well as non-BISTed cores
and consecutively transparent cores, and extend the concept
of consecutive testability of SoCs so that TPS and TRS im-
plemented both on-chip and off-chip can be dealt with. We
also present a DFT method to make a given SoC consecu-
tively testable. Consecutive testability of an SoC guarantees
that, for each core and each interconnect, by using intercon-
nects and consecutive transparency properties of surround-
ing cores, test patterns can be fed into the core (the inter-
connect, respectively) from TPS and the responses can be
propagated to TRS consecutively at the speed of the system
clock. Therefore, consecutively testable SoCs can achieve
high quality of test since arbitrary test sequence can be ap-
plied to a core from TPS and its response sequence can be
observed at TRS consecutively at the speed of the system
clock.

The rest of this paper is organized as follows. We in-
troduce an SoC model in section 2. In section 3, we intro-
duce the consecutive transparency, the consecutive testabil-
ity, and present a new test methodology for testing SoCs.
We present a graph model for an SoC in section 4. In sec-
tion 5, we present a DFT method for consecutive testability.
The experimental results are discussed in section 6. Finally,
section 7 concludes this paper.

2 System-on-a-Chip Modeling

An SoC consists of cores, primary inputs, primary out-
puts and interconnects. For the sake of uniformity, user-
defined logic can be considered as another core. Each in-
dividual core is testable by either external test or BIST. In
case a core is testable by externa test, a pre-computed test
set is available for the core which, if applied to the core,
will result in avery high fault coverage. We introduce ports
of each core asinterface pointsin a natural fashion: signals
enter into a core through its input ports, and exit through
its output ports. An interconnect connects an output port
with an input port, aprimary input with an input port, or an
output ports with a primary output. Any number of inter-
connects can connect to the same output port (i.e., fanout is
allowed), but only oneinterconnect can connect to the same
input port. It is not necessary that interconnects are of the
same bit width.

3 A Test Methodology for System-on-a-Chip
Based on Consecutive Testability

We present a new test methodology for SoCs based on
consecutive testability. Figure 1 illustrates a consecutively
testable SoC and the consecutive test access to Core 3. A
control signal is provided for each core by atest controller
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Figure 1. Consecutive Test Access

(either off-chip or on-chip). Each of the control signal de-
termines the current test mode of the core called a config-
uration. The types of configurations are consecutive trans-
parencies and functionsasa TPS and a TRS. Core 1 works
asa TPS for Core 3. Core 2 realizes a consecutive trans-
parency of shaded output port and Core 4 realizes a consec-
utive transparency of shaded input port. Consecutive trans-
parency of an input port of a core guarantees that arbitrary
input sequence applied to the input port can propagate to
some output ports of the core consecutively at the speed of
system clock. Consecutive transparency of an output port
of a core guarantees that arbitrary output sequence that ap-
pears at the output port can propagate from someinput ports
of the core consecutively at the speed of the system clock.
Consecutive testahility of an SoC guarantees that, for each
core (for each interconnect) in the SoC, by selecting config-
urations of other cores, arbitrary test sequence can be con-
secutively fed into the core (the interconnect, respectively)
from TPSs and its response sequence can be consecutively
propagated to TRSs through consecutive transparencies of
other cores and interconnects. We define the consecutive
transparency of a core and the consecutive testability of an
SoC in the following subsections.

3.1 Consecutive Transparency of a Core

Definition 1. Consecutive transparency of a core
Let I(i) betheith bit of an input port I, and O(j) be the jth
bit of an output port O. Suppose that there exists a configu-
ration of acore which can realize a path P between | (i) and
O(j). Piscaled aconsecutively transparent path if any in-
put sequence applied to | (i) can be consecutively observed
at O(j) after some latency, and then | (i) and O(j) are said



to be consecutively transparent. Moreover, acoreis called
to be consecutively transparent if, for each port of the core,
there exists a configuration that can make all bits of the port
consecutively transparent. [ |

Figure 2 illustrates various configurations of a consec-
utively transparent core. A consecutively transparent core
has generally severa configurations, and each configuration
can be identified by an ID number. By selecting a config-
uration of a core, consecutively transparent paths of an I/O
port are realized and the 1/O port can be made consecutively
transparent. For each configuration, all consecutively trans-
parent paths between an input port and an output port are
represented as one consecutively transparent path.

We classify consecutively transparent paths into three
types, PA (Propagation AND), PO (Propagation OR), and
JA (Justification AND). PAis atype of consecutively trans-
parent path for an input port that propagates part of the
bit-width of test responses applied to the input port. On
the other hand, PO is a type of a consecutively transpar-
ent path for an input port that propagates al bit-width of
test response applied to the input port. For an input port,
all consecutively transparent paths of type PA are necessary
to make it consecutively transparent. However, only one
consecutively transparent path of type PO is sufficient to
make the input port consecutively transparent. JA isatype
for a consecutively transparent path of an output port that
propagates all or part of bit-width of test sequence which
appears at the output port. For an output port, all consec-
utively transparent paths are necessary to make it consecu-
tively transparent.

Figure 2(a) illustrates type PA such that any input se-
guence applied to an input port 11 propagates to only one
output port O,. Figure 2(b) illustrates type PA such that any
input sequence applied to an input port |, propagates to two
output ports(O; and O), where any input sequence of bit
width W(ly) is bit-sliced (W(l2) = w2+ w3) and observed
at two output ports (O1 and O,). Figure 2(c) illustrates type
PO such that any input sequence applied to I3 propagates
to two output ports (O1 and Oy), where any input sequence
of bit width W(l3) is fanouted (W(l3) = w4 = w5) and ob-
served at two output ports (O1 and Oy). Figure 2(d) illus-
trates type JA such that any output sequence that appears at
the output port O; is propagated from only one input port
Io. Figure 2(e) illustrates type JA such that any output se-
guencethat appears at the output port O is propagated from
two input ports (11 and I3), where any output sequence of
bit width W(0Oy) is constructed by the two input sequences
(W(O2) = w7+ w8).

3.2 Test Pattern Source and Test Response Sink

The TPS generates test patterns for cores and intercon-
nects, and the TRS observe thetest responses. TPSand TRS
can be implemented either off-chip or on-chip. In this pa
per, we classify TPS and TRSinto the following three types
(Figure 3).
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Figure 2. Various Configurations of a Consecu-
tively Transparent Core

1 Syist
Sgist isatypefor TPS and TRSimplemented inside of

acore (i.e.,on-chip) and used for testing the core itself
(Figure 3(c)). A corewith thistype of TPSand TRSis
self-testable.

2. Soff

St isatype for TPS and TRS implemented off-chip
by external automatic test equipment (ATE)(Figure
3(a)). TPS of type Sy¢¢ can generate any test sequence
of any length, and TRS of type S can observe any
response sequence of any length consecutively at the
speed of ATE system clock, which is usually slower
than SoC system clock.

3. Son

Son isatype for TPS and TRS implemented inside of
a core (i.e.,on-chip) and used for testing other cores
and interconnects (Figure 3(b)). Since TPS and TRS
of type Sn are implemented on-chip, memory spaces
for them are limited. Therefore, TPS and TRS of type
Son cannot deal with arbitrary long sequences like TPS
and TRS of type S¢f. However, within the limited
memory spaces, TPS of type S, can generate any test
sequence and TRS of type S, can observe any re-
sponse sequence consecutively at the speed of the sys-
tem clock. A corewhich can betested by TPSand TRS
of type Son can be also tested by TPS and TRS of type
So¢¢. Furthermore, a core, which has TPS and TRS of
type Son, has severa configurations (Figure 4) where
each configuration is identified by an ID number. For
example, Figure 4(b) shows a configuration of the core
identified by 1D 6 where the core works as a TPS and
generates test patterns from output port O;.

3.3 Consecutive Testability of a System-on-a-Chip

In this subsection, we introduce a new testability for an
SoC called consecutive testability. In this paper, we assume
that the following informations are given for an SoC.
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e Connectivity information between cores, which is how
the cores are connected

e Test informations for each core

— type of TPS/TRS that can test the core
(Saist OF St OF Son)

— configurations where the core is consecutively
transparent

— configurations where the core has TPS/TRS of
type Son

The length of a test sequence required to test an inter-
connect is usualy much shorter than that required to test
acore. Hence, we assume all interconnect to be tested by
TPS/TRS of type S. In order to test a core, it is necessary
to apply test patterns consecutively to al input ports of the
core simultaneously. On the other hand, it is not necessary
to observe al output ports of the core simultaneoudly. It is
sufficient to only observe one output port at atime. There-
fore, we define the consecutive test accessibility of a core
and the consecutive test accessibility of an interconnect as
follows.

Definition 2: Consecutive test accessibility of a core

A core C is said to be consecutively test accessible if the
following two conditions are satisfied at the same time for
each output port O of C.

1. Any test sequence generated by TPSs required to test
C can be applied to all input ports of C consecutively at
the speed of system clock (consecutive controllability
of C with respect to TPSs).

2. Any response sequence appeared at O can be propa-
gated to TRSs required to test C consecutively at the
speed of system clock (consecutive observability of
O with respect to TRSs). ]

Definition 3: Consecutive test accessibility of an intercon-
nect
For an interconnect E connecting an output port O with an
input port |, E is said to be consecutively test accessible if
O and | satisfies the following two conditions at the same
time.

1. Any test sequence generated by TPSs required to test
E can be applied to O consecutively at the speed of
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Figure 4. Various Configurations of a Core that has
TPS and TRS of type Sin

system clock (consecutive controllability of E with
respect to TPSs).

2. Any response sequence appeared at | can be propa-
gated to TRSs required to test E consecutively at the
speed of the system clock (consecutive observability
of | with respect to TRSs). [ |

Then, we define the consecutive testability of an SoC as
follows.

Definition 4: Consecutive testability of an SoC

An SoC is said to be consecutively testable if al cores and
al interconnects in the SoC are consecutively test accessi-
ble. [ ]

4 Graph Modeling

In this section, we define core connectivity graph that can
represent an SoC, and consider the consecutive testability
on the graph. Proofs are omitted due to lack of space.

Definition 5: Core connectivity graph
We define a core connectivity graph G = (V,E,\) as adi-
rected graph to represent an SoC.

e V =Vp UVpo U Vin UVout U Vsource U Vsink Where
Vp isthe set of all Pls of the SoC,
Vpo isthe set of all POs of the SoC,
Vin isthe set of al input ports of coresin the SoC, and
Vout iSthe set of all output ports of coresin the SoC.
Vsource 1S the set of all TPSs of type Sy, in the SoC.
Vsnk isthe set of al TRSs of type S, in the SoC.

o E= mOO«mC m:m S\—Jm\m
Ecore = {(X,Y) € Vin x Vout | input port x is connected
to output port y by a consecutively transparent path},
and
Enet = {(¥,X) € Vour x Vin | output port y is connected
to input port x by an interconnect}.

e Labeling function A : E — 26X!XTxW where
Cistheset of all coresin the SoC,
| isthe set of al ID numbers of configurations,
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Figure 5. Core Connectivity Graph

T = {JA,JO,PA PO | types of consecutively transpar-
ent path (JO is for fanouted interconnects) }, and

W isthe set of all bit widthsof e € E.

Especialy for e € Epg,

A(e) = {{@ ¢,JO, bit width of e}, {¢, ¢, PO, bit width
of e}} [

Figure 5 illustrates an example of core connectivity
graph. Figure6illustrates edgeslabeled by A of the core that
has the five configurations for consecutive transparency (ex-
plained in Figure 2) and the three configurations for func-
tionasa TPS and aTRS (explained in Figure 4).

We refer to a vertex that has no input edge as a source,
and a vertex that has no output edge as a sink. For a core
connectivity graph G, selecting a configuration of a coreis
to leave edges which have label of the configuration and to
remove other edges from the core. Then, we define a jus-
tification subgraph of a core, a justification subgraph of an
interconnect and a propagation subgraph of a port as sub-
graphs of a core connectivity graph.

Definition 6: Justification subgraph of a core

Let G = (V,E,\) be a core connectivity graph of an SoC
and G; = (Vj,Ej,\) be an acyclic subgraph of G. For a
corec € C, G; is called ajudtification subgraph of c if G;
satisfies the following conditions.

1. All input ports of ¢ are sinksin G; and there exists no
sink except for al input ports of cin G;.

2. Foreach edgeu € Ej, u hasalabel of either JO or JA.

3. Let G’ = (V',E’,\) be a subgraph of G obtained by
selecting a configuration for each core. For each edge
uek;,

(8 G; containsall input edgesof uin G', and

(b) G; contains only one output edge of uin G’ when
output edges of u have alabel of JOiInG'. [ ]

Lemma 1: Let Vs be the set of all source verticesin G; of
core c. Then c is consecutively controllable with respect to
Vs. |

Definition 7: Justification subgraph of an interconnect

:{{c, 2, PA, w2}, {c, 4, JA, w6}}
:{{c, 2, PA, w3}}

{{c, 1, PA, w1}, {c 5 JA, w7}}
:{{c, 3, PO, wi}}

:{{c, 3, PO, w5}, {c, 5, JA, w8}}
:{{c, 6,JA, w9}}

:{{c, 7,JA, wi0}}

:{{c, 8 PA, wil}}
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Figure 6. Label by A

Let G = (V,E,\) be a core connectivity graph of an SoC
and G, = (V3,Ej,A) bean acyclic subgraph of G. For anin-
terconnect e = (y,X) € Ena, G is caled ajustification sub-
graph of eif G; satisfies all the following conditions.

1. OnlyyisasinkinG;.
2. For each edgeu € Ej, u hasalabel of either JO or JA.

3. Let G’ = (V',E’,\) be a subgraph of G obtained by
selecting a configuration for each core. For each edge
ueky,

(3 G; containsall input edgesof uin G/, and

(b) G; containsonly one output edge of uin G’ when
output edges of u have alabel of JOinG'. ]

Lemma 2: Let Vs be the set of all source vertices in G;
of interconnect e. Then eis consecutively controllable with
respect to Vs. |

Definition 8: Propagation subgraph of a port

Let G = (V,E,\) be a core connectivity graph of an SoC
and Gp = (Vp,Ep,\) be an acyclic subgraph of G. For a
vertex v e V, Gp is caled propagation subgraph of v if Gp
satisfies al the following conditions.

1. Only visasourcein Gp.
2. For each edgeu € Ep, u hasalabel of either PO or PA.

3. Let G = (V',E’,\) be a subgraph of G obtained by
selecting a configuration for each core. For each edge
u€ Ep,

(3) Gp contains all output edges of uin G’ when the
output edges have labels of PA, and

(b) Gp contains more than one output edge of uin G’
when output edges of u have alabel of POIn G'.
]

Lemma 3: Let Vg be the set of al sink verticesin Gp of
vertex v. Then v is consecutively observable with respect to
VE. |

Theorem 1: Let G = (V,E,\) be acore connectivity graph
of an SoC. An SoC is consecutively testable if the SoC sat-
isfies the following two conditions.



1. For each output port v € Vg of each core ¢ € C, there
exist one justification subgraph G; of ¢ and one propa-
gation subgraph Gp of vwhere G; and Gp are digjoint
and satisfy the following conditions.

o if TPS/TRStyperequired totest cis Sgisr
Gi=Gp =090

o if TPSITRStyperequiredtotest cis Sty
Vs CVpi, VE € Vro

o if TPS/ITRStyperequired to test cis Sy
Vs C (VPI UVSJUI’CE)a Ve C (VPO UVs'nk)

2. For each interconnect e = (y,X) € Ena, there exist one
justification subgraph G; of e and one propagation
subgraph Gp of x where G; and Gp are digjoint and
satisfy the following conditions.

e VsC (VPI UVSJUI'CE)a VE C (VPO UVs'nk) n

5 DFT for Consecutive Testability

In this section, we present a design-for-testability (DFT)
method that makes a given SoC consecutively testable. We
assume that each individua core is testable by either ex-
ternal test or built-in self test. In case a core is testable by
external test, a pre-computed test set isavailable for the core
which, if applied to the core, will result in avery high fault
coverage. Additionally, we assume (i) the internal design of
the cores cannot be modified by DFT dueto IP (Intellectual
Property) protection and (ii) control signals for configura-
tions can be controlled independently of normal operations.
In the rest of this paper, we consider the DFT under such
assumptions.

5.1 Problem Formulation

Each core (interconnect) in a consecutively testable
SoC is consecutively controllable with respect to required
TPSs and consecutively observable with respect to required
TRSs. In other words, for each output port v of each core
¢ € C, acore connectivity graph G that represents a consec-
utively testable SoC has one justification subgraph G; of ¢
and one propagation subgraph Gp of vwhere G; and Gp are
disoint and satisfy the condition 1 of Theorem 1. Similarly,
for each interconnect e = (y,x) € Ena, there exist one justi-
fication subgraph G; of e and one propagation subgraph Gp
of xwhere G; and Gp are digoint and satisfy the condition
2 of Theorem 1.

When a core (an interconnect) in a given SoC is not
consecutively controllable with respect to required TPSs,
paths from the TPSs are added by inserting test multiplex-
ers (MUXes) in the proposed DFT (Figure 7(a)). Similarly,
when a core (an interconnect) in agiven SoC is not consec-
utively observable with respect to required TRSs, paths to
the TRSs are added by inserting test MUXes (Figure 7(a)).
When an interconnect-under-test is directly connected to an
input or output port of a opaque core , it is necessary to

non consecutively

PosazT -TPS

S;regi ster

interconnection
under test

TRS

(a) DFT for consecutive test access  (b) DFT for isolation of interconnection
under test

Figure 7. DFT elements

isolate the interconnect from the core in order to test tim-
ing faults as well as logic faults of the interconnect. This
isolation is implemented by adding test MUXes and regis-
ters (Figure 7(b)). Assuming that any SoC includes enough
number of TPSs and TRSs to make each core (each inter-
connect) consecutively controllable and observable, we for-
mulate a DFT for making the SoC consecutively testable as
the following optimization problem.

Definition 9: DFT for consecutive testability

Input: An SoC ( acore connectivity graph)

Output: A consecutively testable SoC

Optimization: Minimizing hardware overhead (i.e., total
bit width of added MUXes and registers) [ |

Lemma 4: Let Wopague be the summation of bit widths of
all ports of coresthat are not consecutively transparent, ex-
cluding ports connected to TPS or TRS. The summation of
bit widths of added registersin order to make the SoC con-
secutively testable is equal to Wopague- [ |

5.2 DFT algorithm

In this subsection, we describe a DFT algorithm for con-
secutive testability using an example system S; composed
of four consecutively transparent cores (Figure 8). Config-
urations of each core and consecutively transparent paths of
each configuration are also shown in Figure 8. The strategy
of the algorithm is that, for each core and interconnect in a
given SoC, it first creates control-observation graph (Step
1), and then, it selects a configuration of each core (Step
2). Findly, the agorithm induces constraints such that the
given SoC satisfies Theorem 1 and formulates the DFT as
an ILP problem to minimize hardware overhead (Step 3).
Any given SoC can be made consecutively testable by solv-
ing the ILP problem and adding DFT elements such as
MUXes and registers.

Step 1: Creation of Control-Observation Graph

For each element t € (CUEn« ), the control-observation
graph G; is created from a core connectivity graph G as
follows.

1. (a) ifteC(tisacore),
remove the edges with label t and let the vertices
corresponding to the input ports of t be sinks and
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let the vertices corresponding to the output ports
of t be sources.

(b) ift € Epg ('t isaninterconnect and connects be-
tween two vertices),
remove the edget and let the vertices connected
by t be sink and source, respectively.

2. We define G; asthe set of vertices and edges which are

e reachableto sinks only by edgeswith label JO or
JA, and

o reachable from sources only by edges with label
either PO or PA.

Figure 9 illustrates Georez (a control-observation graph
of core3) whose vertices and edges are reachable to/from
core3 using configurations for shaded ports. For eachc € C,
let B; be the set of al configuration IDsthat existin G; . We
define the configuration set K; of the SoC with respect to t
asthe following equation and define each element k € K; as
the configuration of the SoC with respect tot.

Ki = o_uH Bc

- wOH X wON X wow X

Step 2: Selection of a configuration of each core

For each element k € K, the control-observation graph
of t with respect to k (Gtx) is created from a control-
observation graph G; as follows.

1. For each core c € C, select a configuration that corre-
sponds to k.

2. We define Gk as the set of vertices and edges which
are

¢ reachableto sinks only by edgeswith label JO or
JA, and

o reachable from sources only by edges with label
PO or PA.

Mv Boorer ={4}
Beorez ={2.3
corel
Beore3 =@
(@]
% core2 Beores ={1.4}
? Koores ={{42.03.{42.04 {43.93.{43,0.4}
3 k1 k2 k3 k4
Soff . core3
o/vo i

Figure 9. Control-Observation Graph Ggore3

Figure 10(a) illustrates Georezka (a control-observation
graph of core3 with respect to k3). Gk contains only one
configuration (for shaded ports) in each core, and consecu-
tive transparency of each coreisrealized.

Here, we define G;,, as the set of vertices and edges
reachable to sinks only by edges with label JO or JA, and
Gpy,, as the set of vertices and edges reachable from a
source vertex v only by edges with label PO or PA. Fig-
ure 10(b) and (c) shows Gy, s Nd Gpy1,,e 5, FESPECtiVElY.
Let Ey, and Epy,, bethe set of all edgesin Gy, and Gpy,
respectively, we define Epy, , asthe following equation.

Epvx = Eax NEpy

For Gy, letQj , Q5 , and Q3 bethesetsof ll vertices
g € Gy, that satisfies the following conditions respectively.

1. Qj, : qisasource.

2 .
2. O«._:A )
JO.

g has more than two output edges with labels

3. Ow.x : There exist cycles which contain g.

Q4 and Q3 arethe sets of all vertices that do not sat-
isfy the Definition 6 and 7. Moreover, we define Qg , OH P!
and OH SOUCE as fol lows.

1 2 3
Quy = Q3 UQ3, UQy,

OH "= O.HH K NVer, OH e = O.“_H K M Vsource

Then, let &, , be the set of all smple paths from g € Qg
to each sink vertex in Gy, , .

Similarly, for Gpy,,, let Qp,,, and Q, , be the sets of

al vertices q € Gpy,, that satisfies the following conditions
respectively.

1. Qp,, : gisasink.

2. Qp,,, : Thereexist cycleswhich contain g.
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(8)Georeaks

mf is the sets of all vertices that do not satisfy the Def-

inition 8. Moreover, we define Qpy,,, Qpr . and Qpe™ as
follows.

1 2
O_U<~._A - O—US.X C O_US._A
1,PO 1 1,sink 1
Ous.x = QN VPO, O_us.x = Qpvyy MVsink

Then, let Sy, , be the set of all ssmple paths from a source
vertex to g € Qpy,, iN Gpy, .-

Step 3: An ILP Formulation

We define the following 0-1 variables as ILP variables
where avariable is equal to one if its condition is satisfied,
otherwiseis equal to zero.

Vi : elementt € (CUEn) is
consecutively test accessible
Yt . tisconsecutively test accessible
with respect to port v
Viuk - tisconsecutively test accessible
with respect to port v by configuration k
juk  : Gy, isconsecutively controllable
Ok - Gpyy iSconsecutively observable
Gy - Gy, andGpy,, aredisoint
hkg - Gy isconsecutively controllable

with respect to vertex q

output edger of vertex qin G,

is consecutively controllable with respect to g

Mmys : MUXisinserted at the smple path s
in Gy, for controllability

Xke - MUXisinserted at the interconnect e
in Gy, for controllability

Xe . MUX isinserted at the interconnect e
in G for controllability

Xereg - register isinserted at the interconnect
ein G for controllability

Gpy,  is consecutively observable

with respect to vertex q

MUX isinserted at the simple path s

in Gpy, , for observability

MUX isinserted at the interconnect e

in Gpy,  for observability

Ze . MUX isinserted at the interconnect e
in G for observability

Zereg . register isinserted at the interconnect

ein G for observability

*ﬁ a<q XuQ
Nt vk,s

% vk.e

The following ILP formulation minimizes the required
test overhead (i.e., total bit width of MUXes and registers)
while making all cores consecutively testable. Figure 11
shows an example of constraintsfor core3in ;.

Minimize

M (Xe + Zo) - Width(e) (D

Subject to:

1. for each elementt € (CUEna),

yi>1 ()

2. For each port v, which is required for observation in
order totestt,

Viv > W )

3. For eacht which can be tested by either Sys or S,

@ ifKi =@

X +XregtZ+2Zreg >4 Vey (4)
(b) otherwise,

_AmMZ Yevk = Yev ®)

4. For each element k € K;,

Jtk + Otk + Gt vk > 3 Ve vk (6)
5. For each Gy,
(@ ifGy, =0,
Xt + Xt reg > 2. _.ﬁ< (7
(b) otherwise,
;q_ﬁﬁ_ N _Ou:A_ ' ._T_A Amv
A<

|Q3,, | is aconstant value which represents the number
of elementsin Q.

6. For each Gpy, ,,



(@) if Gpy, =
Z+Zireg > 2 O uk 9)
(b) otherwise,
g fivkg > 1Qpv | * Otk (10)
9eQpy,

7. For each element e € Epy,

Xeke+ Zvke < Oryk (11)
8. For each vertex g € (Qy, UQpy,, ),

@ ifge (Qf, — Q}l’i') and the TPS/TRS type re-
quired to test ¢ is Sort, or g € (Qf, — (Qi’_';' U
Q%)) and the TPS/TRS type required to test

cisSnorqeQ3,,
Z Mcs 2> [Shpeql - Ga (12)
se Dt kg
(b) if g€ Q5. let R kq bethe set of all output edges

of g. For each element r € Rikq, let S, - bethe
set of all simple paths which containr in &, ,

A kgr > Gkg (13)
reR kq
Z mykvs Z |S~Jc.k.q - Swrlc_k_q| ) at7k7Q7r (14)
se (S‘JC-KQ B Sac.k.q

(©) ifae (Qpy, — Q,la’v'?f) and the TPS type required

totest cisSorr, Or q € (Qpy,, — (Q,%\ZfUQ,l;\fﬂk))
and the TPS type required to test c is Sn,0r g €
Q%\/t.k,

% Nt vks = |SPvt_k.q| fvkag (15)
se t.k.q

9. Foreechsimplepaths€ S, U Spy,

(@) ifse Sy,
X ke > Mk, (16)
eeZS e S
(b) if SE Spy

Z Z ke = Nevks (17)
ecks

Here, Es represents the set of all edges which corre-
spond to interconnects in ssimple path s.

10. For each edge e € Epg,
Xe > X ke (18)

Ze > Zvke (19)

1 Yeorez2l
2. Yeore3vi 2 Yeore3
3 Yeoreavaiki t Yeorezvik2 T Yeoresvika T Yeoresvika 2 Yooresvi

4 Joore3k3 * Ocore3vik3 * deore3vi k3 = 3 core3 vi k3

5 Neoreak3va+Meoreskava = 20core3 k3
6 foore3vikava = Ocore3 i k3
7. Xeoreak3el * Zeoredvik3el S Qeore3vika
8@ Myores k3, s3 = Meores k3 va
() Bcores k3v3,e2 * Bcored k3,v4,e3 2 Moore3 k3 va
Meores k3,52 = Bcores, k3,v3,e2
Meores,k3,s1 2 Acore3 k3,v3,e3
(© Nooresvik3,s4 2 foores k3 va
9. Xcore3k3,e2 2 Meore3 k3,s1
Xcore3,k3,e3 T Xcores k3,e4 = Meore3 ka,s2
Xcore3 ka,e1 + Xcores k3,e4 2 Meores k3,s3
Zeore3 v, k3,6l * Zeore3,vi k3,65 = Noore3 vi, k3, s4

Figure 11. Constraints for core3in &

Equation (2) guarantees that all cores and all intercon-
nects are consecutively testable. By Definition 2, each core
isconsecutively test accessibleif, for each output port of the
core, the core satisfies consecutive controllability and con-
secutive observability at the same time. Thisis guaranteed
by equation (3). If TPS/TRS type required to test t is either
Soft OF Son, t must be consecutively test accessible with re-
spect to the TPS/TRS by more than one configuration k in
Ki. This is guaranteed by equation (5). If Ki =@ (i.e, t
is an interconnect between two opague cores), t must be
isolated by adding test MUXes and registers. Thisis guar-
anteed by equation (4). If TPS/ITRStyperequiredtotesttis
Ss1s1, thereisno constraint. Thismeansthat thet isalready
consecutively test accessible. By Definition 2, each core is
consecutively test accessible if, for each output port of the
core, the core satisfies consecutive controllability and con-
secutive observability at the same time. Thisis guaranteed
by equation (6). In order to make G, consecutively con-
trollable with respect to required TPSs, all vertices in Qy,,
must be consecutively controllable with respect to the TPSs.
Thisis guaranteed by equation (8). If G;, = @(i.e, tisan
interconnect and output edge from opaque core), t must be
isolated by adding test MUX and register. This is guaran-
teed by equation (7). Similarly, equation (9) and (10) guar-
antees consecutive observability of Gpy, . In order to satisfy
consecutive controllability and consecutive observability at
the sametime, G;,, and Gpy, , must bedisjoint. Thisisguar-

anteed by equation (11). In order to make qin Qi_k consec-

utively controllable with respect to required TPSs, al sim-
ple pathsin Sy, . must be inserted MUXes and paths from
TPSs must be added. However, if g is a vertex that repre-
sents the TPSs required to test t, g is aready consecutively
controllable with respect to the TPSs. In order to make q

in Qi_k consecutively controllable with respect to required

TPSs, al cycleswhich contain g must be broken by MUXes
and paths from TPSs must be added. These are guaranteed
by equation (12). Similarly, equation (15) guarantees con-
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Figure 12. SoC Examples

secutive observability of qin Qb , and Q3, . Each vertex

gin Om; has more than two output edges with label JO, and

all the edges propagate only the same sequence. In order to
make q in OM . consecutively controllable with respect to
required TPSs, MUXes must be inserted at all ssimple paths
which include all the output edges except one output edge.
This is guaranteed by equation (13) and (14). Let sbe a
simple path and let Es be the set of al edges correspond-
ing to interconnectsin s, insertion of MUX at s means that
MUX is inserted at more than one element in Es. Thisis
guaranteed by equation (16) and (17).

Test MUXes and registers are inserted at the edges ob-
tained by solving the above ILP problem (Figure 7). By
Lemma 4 and equation (1), a given SoC can be made
consecutively testable with minimum hardware overhead.
However, in the case when TPS/TRS type required to test t
is Soff, it is necessary to add TPSITRSs of type S+ (i€,
add verticesto Vp or Vpo) if the summation of bit widths of
edges that must be inserted MUXesto maket consecutively
test accessible is larger than that of available TPS/TRSs.
Similarly, in the case when TPS/TRS type required to test t
IS Son, it is necessary to add TPS/TRSs of type Son (i.€., add
vertices to Vsource OF Vnk) if the same condition as aboveis
satisfied.

6 Experimental Results

In this section, we present the experimental results ob-
tained by applying the proposed method. We applied the
method to three SoC examples shown in Figure 8 and Fig-
ure 12. System S; consists of four consecutively transparent
cores and has no on-chip TPS/TRS. System S, consists of
four consecutively transparent cores and two opaque cores,
and it contains one on-chip TPSinside of core5 and one on-
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chip TRSinside of corel. System S3 consists of eight con-
secutively transparent cores and has no on-chip TPS/TRS.

We used the |p_solve package from Eindhoven Univer-
sity of Technology [18]. Assuming that al interconnects
are of the same bit-width, the running time is negligible
(less than 0.1 second) for all three examples on a SUN
Ultra 5 workstation. The results of the running SoC ex-
amples are shown in Table 2. Column “systems’ denotes
system name. Columns “#MUX(controllability)” and
“#MUX (observability)” and “#Register(interconnect)” de-
note the number of MUXes added for consecutive controlla-
bility, MUXes added for consecutive observability and reg-
isters added for interconnect isolation, respectively. Each g
shows an edge to which aDFT element is added.

Table 1 shows the estimations of area overhead. Col-
umn “interconnects’ denotes the bit width of interconnects
in each system. Columns “0.1” and “0.5”, “1” and “10" of
each system denote the area overhead when we assume that
the system contains 0.1 million gates, 0.5 million gates, 1
million gates and 10 million gates, respectively. For exam-
ple, “0.19" in the first row of the column “0.1" of system
S shows the area overhead of the DFT elements (2 MUXes
and 0 registers) when we assume that $; contains 0.1 mil-
lion gates and all interconnectsin S; are of 32 bit width.

In our proposed method, the delay overhead is negligi-
ble since at most only one multiplexer is inserted to each
interconnect.

7 Conclusions

In the paper, we proposed a new testability called con-
secutive testability. For a consecutively testable SoC, test-
ing can be performed as follows. Test patterns of a core
are propagated to all input ports of the core from TPSs, and
the test responses appeared at an output port of the core



Table 1. Estimation of Area Overhead (%)

system S (million gates) system S, (million gates) system Sz (million gates)
interconnects (bit) 0.1 | 05 | 1 | 10 0.1 | 05 | 1 | 10 0.1 | 0.5 | 1 | 10
32 0.19 | 0.04 | 0.02 | 0.00 0.61 | 0.12 | 0.06 | 0.01 058 | 0.12 | 0.06 | 0.01
64 0.39 | 0.08 | 0.04 | 0.00 122 | 024 | 012 | 0.01 116 | 023 | 0.12 | 0.01
128 0.77 | 015 | 0.08 | 0.01 244 | 048 | 0.24 | 0.02 231 | 046 | 0.23 | 0.02
256 154 | 0.31 | 0.15 | 0.02 487 | 097 | 049 | 0.05 461 | 092 | 046 | 0.05
512 307 | 061 | 031 | 0.03 973 | 194 | 097 | 0.10 922 | 1.8 | 092 | 0.10
1024 6.15 | 1.23 | 0.62 | 0.06 || 19.46 | 3.89 | 1.95 | 0.20 || 1844 | 3.69 | 1.84 | 0.18

Table 2. Results of the running SoC examples

# DFT elements
#MUX #MUX #Register
systems | (controllability) | (observability) | (interconnect)
S 1 1 0
(eq) (e5)
S 3 2 4
(es,65,€7) (€3, €8) (€3,65,€7,€8)
S 4 2 0
(e2,3,65,) (e5, )

are propagated to TRSs consecutively at the speed of sys-
tem clock. The propagation of test patterns and responses
is achieved by using interconnects and consecutively trans-
parent paths of surrounding cores. All interconnects can be
tested in asimilar fashion. Therefore, it is possible to apply
arbitrary test sequence and observe its response sequence
consecutively at the speed of the system clock. We aso
proposed a design-for-testability method that makes agiven
SoC consecutively testable using an ILP problem. Our fu-
ture work is to propose a DFT method making cores con-
secutively transparent with minimum hardware overhead.
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