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1. Introduction

Unsensitizable path information available prior to test gen-
eration is very valuable for reducing cost and improving accu-
racy and quality of delay testing of digital circuits. Since there
exists no test pattern that activate delay faults on an unsensi-
tizable path along the path, prior identification of them can
greatly reduce test generation time. Furthermore, although
some originally unsensitizable paths can become sensitizable
due to application of design for testability (DFT) and result
in over-testing, this can be alleviated by using the informa-
tion. Several untestable path delay fault (PDF) identifica-
tion methods at gate level have been proposed. However, it
is difficult to get satisfactory results by these identification
methods for a large circuit containing a tremendous number
of paths. To avoid this difficulty, a methods utilizing register
transfer level (RTL) design information have been proposed
[1]. The method can identify untestable paths based on non-
robust testability of PDFs in a reasonable amount of time by
handling a number of gate level paths as an RTL path. How-
ever, for a circuit in RTL description, all the possible combi-
nations of state transitions of the controller are needed to be
examined and paths go through status signal lines cannot be
handled in the method.
For a circuit designed at behavioral level, an RTL de-

sign of the circuit is obtained by high-level synthesis (HLS).
By analyzing behavioral level description of a circuit, unus-
able/unnecessary data transfers and/or control flows can be
extracted (e.g., the method in [2]). In this work, we focus on
such knowledge obtained from HLS and propose a method
to identify unsensitizable paths by utilizing the knowledge
in addition to RTL design information for further improve-
ment from the previous method. In this work, (1) all the
RTL paths in a circuit including paths go through status signal
lines, which are missed in [1], are dealt with, (2) transitions
on control signal lines are considered when paths go through
the control signal lines are targeted, and (3) time required for
identification is improved from the previous methods. We
show the effectiveness of use of information obtained from
HLS through our experiments using RTL circuits synthesized
from behavioral benchmark circuits.

∗This work was supported in part by Semiconductor Technology Aca-
demic Research Center (STARC) under the Research Project.

2. Preliminary

RTLcircuitmodel Our target RTL design is structural RTL
circuit model. A structural RTL description of a circuit con-
sists of a controller and a data path represented by RTL mod-
ules and RTL signal lines, where an RTL module is a combi-
national operation module or a multiplexer (MUX) or a reg-
ister and an RTL signal line has bit width and connects be-
tween two RTL modules. They are connected with each other
by control signal lines and status signal lines. Notice that,
since we assume that circuits are designed at behavior level
and synthesized by a high-level synthesis tool, RTL structural
information is affordable.

RTL paths An RTL path is an ordered set of RTL mod-
ules {m0,m1, . . . ,mn}, where m0, mn and mi(0 < i < n) are
a primary input or a register, a primary output or a register,
and a combinational module, respectively, and the output of
mi(0 ≤ i < n) is an input of mi+1. Unsensitiability of RTL
paths is defined as follows.
Definition 1: (RTL unsensitizable path) Given a sensitiza-
tion criterion, an RTL path p in an RTL circuit is RTL un-
sensitizable under the sensitization criterion if any gate-level
path corresponding to p in its gate-level circuit is gate-level
unsensitizable under the criterion for any logic synthesis. ✷

In this paper, the non-robust sensitization criterion [3],
which is most widely used in ATPG systems, is used and
a path is referred to as an unsensitizable path if both of the
PDFs on the path are non-robust untestable.

HLS information In HLS systems, a circuit is generally
represented by a control data flow graph (CDFG) [4] at be-
havioral level. During HLS, each operation is assigned to
a control step (scheduling) and operations and variables are
mapped to operational modules and registers, respectively
(binding). In this paper, we assume that, for a circuit, a sched-
uled CDFG (S-CDFG) and binding information are given in
addition to RTL structural information. These are referred
to as high-level synthesis (HLS) information. An example
of HLS information of a circuit is shown in Figure 1 (a)
and (b). In figure 1 (a), the triangular nodes and edges be-
tween them denote conditional branches or merges and con-
trol flows, respectively. The circular nodes and edges between
them in rectangles denote operations and variables, respec-
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Figure 1. An S-CDFG (a), binding information (b) and a
synthesized RTL circuit (c).

tively. The horizontal dotted lines denote boundaries between
control steps. In Figure 1 (b), the left of a colon denotes a op-
erational module or a register and the right denotes operations
or variables bound to.
In this work, we assume HLS and logic synthesis to be

the following. (1) Every register allocated during HLS has a
load enable control and is controlled so that it does not load
if its input has no valid data. (2) For any combinational RTL
module, no logic optimization beyond its boundary is done
during logic synthesis.

3. Proposed Method
For a circuit at RTL, existence of an RTL path does not

always mean that the path can be used to propagate mean-
ingful data. For example, in Figure 1 (a) and (b), RTL mod-
ule “Add” is shared by two operations “+1” and “+2”. Fig-
ure 1 (c) shows an example of its synthesized RTL circuit,
There are eight RTL paths which pass through “Add” but only
four paths of them are actually used path. Paths that start at
“Reg2” or “Reg4” and end at “Reg5” never propagate mean-
ingful data because any operation corresponding to such paths
is not specified at behavior level.
In order to deal with RTL structural information and HLS

information for a circuit efficiently, we construct module in-
put output dependence graphs (IODGs). An IODG represents
relation between inputs (resp. an output) of an RTL module
and variables on the inputs (resp. output) of operations bound
to the RTL module and dependence of input and output vari-
ables. For an RTL path, our untestable path identification
method employs IODGs for modules on the path to exam-
ine whether some meaningful data flow along the path can be
made or not.

IODG The IODG of an RTL module M is a directed graph
G = (V,E), where V is the set of nodes representing input
and output variables of operations corresponding to M, and
E ⊂ V ×V is the set of edges representing input/output (IO)

dependence between a couple of input and output variables.
IO dependence between two variables is defined as a relation
that (1) these two variables are an input variable and an output
variable of an operation and (2) the edge corresponding to
the input variable does not cross boundary of control steps
more than once in the interested S-CDFG. Notice that, (2) is
a condition for sensitizing the path to test delay fault along
the path.
RTL paths can start and/or end at a state register and also

can contain control signals and/or status signals. For an RTL
module MC with a control input, in addition to the IODG of
MC, a partial IODG is created for each control value of the
control input. However the partial IODG is used for identify-
ing paths, which go through the control input, with transitions
on the control input, the discussion about this is omitted due
to the limitation of the space.
Since operations corresponding to MUXs in a given RTL

schematic are not described explicitly in the corresponding S-
CDFG, we cannot extract IO dependences for variables cor-
responding to MUXs. Furthermore, IO dependences for vari-
ables corresponding to the control logic (CL) in the controller
cannot be derived because operations corresponding to the CL
are not appear in the S-CDFG.
To deal with MUXs and CL, thru operations correspond-

ing to MUXs and dummy operations to explicitly represents
the IO variables of the CL are added to the S-CDFG and
dummy modules corresponding to the dummy operations are
added to the RTL schematic. Figure 2 shows the modified
HLS information and RTL schematic of Figure 1. In this ex-
ample, thru operations t1, t2, t3, t4 are added to the S-CDFG.
Variables v2,v3,v6,v7 are created by adding dummy oper-
ations d1,d2,d3,d4. According to addition of the dummy
operations, dummy modules D1,D2,D3,D4 are added to the
RTL schematic.
From the modified HLS information and RTL schematic,

we can create IODGs for the RTL modules including the
MUXs and CL. Example of IODGs for modules in the RTL
circuit of Figure 1(c) is showin in Figure 3. In the IODG for
the CL, a special variable S is used to represent the state reg-
ister.

Unsensitizable path identification Given an RTL cir-
cuit and HLS information. For an RTL path P =
{M0,M1, . . . ,Mn−1,Mn}, there exists a data flow correspond-
ing to P if the value of M0 changes when a state transition
occurs, the effect is propagated along P and the effect is cap-
tured at Mn when the next state transition occurs. Thus there
exist variables v0,v1, . . . ,vn−1 and operations o1,o2, . . . ,on−1
which satisfy the following property. (1) v0 and vn−1 are
assined toM0 andMn, respectively. (2) The edge correspond-
ing to v0 does not cross boundaries of control steps more
than once on the S-CDFG. (3) For each i(1 ≤ i ≤ n− 1),
oi is assigned to Mi and vi−1 and vi are the input variable
and output variable of oi, respectively. From the definition
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Figure 2. An augmented S-CDFG (a), augmented binding
information (b) and its corresponding RTL circuit (c).
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Figure 3. IODGs for modules in the circuit of Figure 2 (c).

of IODG, for each Mi(1 ≤ i ≤ n− 1), there exists an edge
(vi−1,vi) of the IODG of Mi. This means that there exists a
path v0,v1, . . . ,vn−1 referred to as an IODG path on the union
of IODGs. In the proposed method of unsensitizable path
identification, an IODG path corresponding to a given RTL
path is sought and the RTL path is judged to be unsensitizable
if there does not exist any IODG path. In this work, we also
prove the correctness of the conditions for unsensitizability of
path

4. Experimental Results
In this experiments, we evaluate the effectiveness of the

method. The identification results for RTL circuits synthe-
sized from behavioral level benchmark circuits by the HLS
method of [5] are shown in Table 1. In the table and tables
discussed below, columns “#Total” show the total number of
paths in the circuits, columns “#US” denote the number of un-
sensitizable paths and columns “#US w/ trans.” or “#USwt”
denote the number of unsensitizable paths with transition on
control signals. The time required for the identification is less
than 1 second for every circuit. Since GCD is the only circuit
which has status signals, we examined in detail. Table 2 and 3
shows the break down for GCD at RTL and the classification
of corresponding gate-level paths, respectively. Although the
previous method cannot find any of unsensitizable paths, the
proposed method can identify 800 unsensitizable gate-level
paths (1/3 of the total number of paths).

Table 1. The number of RTL unsensitizable paths identified
by our method.

Through no control signal Through control signals
Circuit #US #Total #US #US w/ trans. #Total
JWF 124 155 78 144 516
LWF 8 21 0 12 46
Tseng 6 22 0 0 40
Paulin 13 31 2 12 78
GCD 0 10 4 9 70

Table 2. Classification of RTL paths in GCD wrt going
through status signals.
Through no control signal Through control signals
No status Th. status No status Th. status
#US #Total #US #Total #US #USwt #Total #US #USwt #Total
0 12 0 8 0 0 22 4 9 44

5. Conclusions
This paper proposed a method for identifying unsensi-

tizable paths based on non-robust sensitization criterion in
sequential circuits synthesized through high-level synthesis
(HLS) and logic-synthesis. The method uses RTL structural
information and HLS information of the circuits. Since a
bunch of paths, called an RTL path, is dealt with at RTL, large
number of unsensitizable gate-level paths can be efficiently
identified. By using HLS information, the method can effi-
ciently handle paths pass through status signals which cannot
be dealt with in the previous work. Our experimental results
proved that the proposed method can improve the quantity
of identified unsensitizable paths compared to the previous
method.
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Table 3. Classification of gate-level paths in GCD.
#Structural paths in the circuit # US

Through Through control Without With
no control Register load MUX select Total transition transition

280 744 1400 2424 0 800
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