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Abstract

Wk propose a synthesis for test approach in which multi-
plexers are embedded in the behavioral models of the var-
ious modules constituting a hierarchical system. This ap-
proach can also be applied to system-on-a-chip designs
in which synthesizable models are available for the em-
bedded cores. The embedded multiplexers provide com-
plete, single-cycletransparency, thereby offering a straight-
forward yet effective solution to the problems of test data
propagation and test vector tranglation. In order to deter-
mine 1/O bitwidths for single-cycle transparency, a global
analysis is carried out using a graph-theoretic framework
and an optimization method based on integer linear pro-
gramming. Case studies using high-level synthesis bench-
marks and an industrial-strength benchmark show that syn-
thesis for transparency introduces very little area and per-
formance overhead.

1 Introduction
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providing test access.

A number of hierarchical testing techniques have been
presented in the literature for justifying test patterns and
propagating test responses. Early work in this area was
based on the use of F-paths [8] and I-paths [1] which uti-
lized existing propagation paths between module 1/0s and
chip 1/0s. More recent work has focussed on design for
testability (DFT) methods. For example, the FScan-BScan
method utilizes a combination of full scan and boundary
scan [6]. However, FScan-BScan introduces high area and
delay overheads, and requires enormous test application
time due to serial test access. In the related Fscan-Tbus
method, full scan is combined with a system-level test bus
[6]. However, this method also suffers from area and delay
overheads; moreover, interconnect faults cannot be tested
using this technique.

To reduce test generation time, a hierarchical test gener-
ation strategy was presented in [13]. This approach is based
on the notion ofest plans, which provide control sequences
to propagate test data through modules. Recent work on hi-

Hierarchical test methodologies handle large systems inerarchical testability analysis (HTA) has been directed at

a divide-and-conquer fashion by relying on precomputed the efficient generation of such test plans [11, 12]. The
test patterns for each module, which are subsequently transkey idea in these methods is to identify control sequences
lated and applied from the system’s primary inputs [11-13]. that allow test data to beeansparently propagated through
These techniques offer lower test generation costs and in-modules. DFT enhancements are usually necessary to aug-
creased test reuse. Tests developed for the individual modiment the amount of transparency that can be achieved us-
ules can be reused and there is no need for gate-level tesing HTA. In [10], a DFT approach was presented to make
generation for the entire system. However, these techniquesores in an SOC transparent by extracting their test con-
must provide mechanisms for justifying the precomputed trol/data flow information. While such an approach pro-
test vectors for a module from the system inputs to the mod-vides parallel test access and allows any test sequence at the
ule inputs. Similarly, the test responses must also be prop4nputs of a module to be propagated to the outputs, it suf-
agated to observable system outputs. This problem is befers from two main drawbacks: (i) high test application time
coming increasingly important with the emergence of core- due to the transparency latency (multi-cycle transparency)
based system-on-a-chip (SOC) designs [10, 18]. Since the'equired to propagate test data through a module, (i) the
embedded cores in an SOC are not directly accessible frontest control/data flow must be extracted in order to provide
the chip I/Os, the system integrator must devise methods fortransparency.

— _ _ ' Testability-driven behavioral synthesis can produce area-
_ This research was supported in part by the Natlor_le}l Science Foundaéﬁicient designs with low test-related overhead [16]. How-
tion under grant number CCR-9875324. Andrew Exnicios was supported . . .
by the Pratt Engineering Undergraduate Fellows Program, Pratt School ofVE these methods haV(_a focussed pr.|ma”|y on Sele(_mor_‘ of
Engineering, Duke University. registers for BIST, selection of scan flip-flops, reduction in




the number of loops in the datapath, and hierarchical testa-trol/data flow information. Its conceptual simplicity makes
bility enhancement of RTL circuits obtained through behav- it easy to implement and integrate in the design flow. It
ioral synthesis [7, 9]. In order to provide hierarchical test does not require any test composition or sophisticated test
capabilities, they typically require behavioral descriptions scheduling algorithms. Precomputed test sets for every
in the form of control-data flow graphs [4]. module can be readily applied without requiring any trans-
Instead of providing complete controllability and ob- parency latency or test vector translation. These test sets
servability to core 1/0Os, more recent work has focussed onmay contain functional vectors, scan vectors or ordered
providing controllability and observability to SOC cores test sequences for non-scan sequential circuits. The test
on an “as needed basis” [17]. This is achieved through methodology provides parallel test access to the embedded
trasparency analysis using non-deterministic finite-state au-modules thereby facilitating at-speed test and increasing the
tomata, and transparency enhancement through symboliccoverage of non-modeled and performance-related defects.
justification and propagation analysis based on a regular ex-Finally, interconnect testing can be carried out by simply
pression framework. However, this requires test sequencesetting all the modules to the transparent mode.
composition from symbolic tests. We consider two representative SOC designs as case

Transparency of modules can be trivially achieved by Studies. First, we present experimental results on applying
providing a direct path from each module input to output the synthesis-for-test methodology to a non-trivial example
with the help of multiplexers. However, the area/delay over- System constructed by stitching together several high-level
head of such a solution is usually prohibitive. In particular, Synthesis benchmarks [5, 15]. We use Synopsys Design
the interconnect required for routing the additional bypass Compiler to synthesize each of the benchmarks to be trans-
lines can be excessive. In this paper, we present a synthesigarent and determine the impact of transparency on area and
for-transparency approach that alleviates the above prob_delay. We thenmake the overall system transparent by refor-
lems. The synthesis method is based on the insertion offulating the transparency requirements for the individual
multiplexers in the behavioral models of the modules mak- modules. Our results demonstrate that transparency can be
ing up the system. These models can describe both combiachieved with negligible impact on system area and perfor-
national and sequential circuits. A behavioral synthesis tool Mance. For the overall system, the area increase was 3.2%
can then be used to derive transparent modulesanitied- ~ and the increase in delay (measured by the clock period)
ded multiplexersthat ensure complete reuse of module-level Was only 1.6%.
tests and easy system-level test application. The proposed We also apply the proposed synthesis approach to two
synthesis for testability methodology is also applicable to VHDL modules in the LEON core [19]. The LEON core is
SOC designs composed of soft cores for which behavioral,@ hierarchical SPARC-compatible processor developed by
synthesizable models are readily available. the European Space Agency for future space missions. We

A related approach for SOC testing is based on addingSnoW that these two modules can be made transparent with

a bypass mode using multiplexers and registers [14]. How- "0 delay overhead and area overhead of only 5.2%.
ever, this requires packeu;atpn of tes't datg, a'nd serlal-to—2 Embedded multiplexers
parallel and parallel-to-serial bit-matching circuits—hence,

it does not provide single-cycle transparency. In the pro-  Transparency can be achieved by embedding multiplex-
posed method for single-cycle transparency, every moduleers in the behavioral models described using a hardware de-
in the system is synthesized to operate in two modes—ascription language such as Verilog or VHDL. For example,
normal functional mode, and a transparent mode in which consider the Verilog model of a combinational modive

all inputs are passed unchanged to the outputs. An extershown in Figure 1(a).M has one 4-bit input porX and

nal control input is used to select the appropriate mode of gpne 2-bit output portZ. A transparent behavioral model

operation for a module. In order to test modulg it is for M is shown in Figure 1(b). An additional control input
set to the functional mode while all other modules are setT is used to determine the mode of operation. The con-

to the transparent mode. To allow the complete flow of test trol input 7 is used to switch\/ from the normal mode
data through)/ in its transparent mode, the bitwidths of (7" = 0) to a pass-through, transparent modle=t 1). An
the 1/O ports ofM must be determined by analyzing the additional 2-bit output port” is added to ensure complete
test propagation requirements of the other modules in thetransparency ol/. Alternatively, the bitwidth of a port can
system. We formulate this problem using the notiomesf also be increased to provide single-cycle transparency. In
graphs and determine the bitwidths by solving an integer general, the bus widths of input ports may also have to be
linear programming model. expanded to provide transparent access to other modules in
The proposed approach offers a number of unique ad-the system. In Section 3, we describe how the overhead
vantages. It provides single-cycle transparency without the of additional ports and associated wiring/interconnect area
addition of registers for bypass or the extraction of con- can be minimized by analyzing the system-level hierarchi-
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module M (X,Z) module M (X,T,Z,Y)
input [3:0] X; input [3:0] X;
output [1:0] Z; input T;
always begin @(X) output [1:0] Z;
case (X) output [1:0] Y;
1,312,14: Z =0; always begin @(X)
0,257:2=1, if (T==0)
8811,15:Z2=2; begin
4810,13:Z=3; case (X)
endcase 1,3,12,14: Z=0;
endmodule 0257:2=1,;
8811,15:Z2=2;
481013:Z=3,;
endcase
end
eseif (T==1)
begin
Z[1] = X[3];
Z[0] = X[2];
Y[1] = X[1];
Y[0] = X[0];
end
endmodule
@) (b)

Figure 1. Embedding a multiplexer in the behavioral de-
scription of a combinational module M: (@) Verilog code
(b) Verilog code with embedded multiplexer.

cal testing needs.

Multiplexers can similarly be embedded in the behav-
ioral models of finite-state machines (FSMs). The modified
FSM operatesin the normal functional mode when the con-
trol input 7 = 0. However, when T' = 1, it worksin a
transparent mode and operates as a pass-through combina-
tional circuit. The state transitions of the FSM can either
be interpreted as don’t-cares or the clock to the FSM can
be disabled by gating it with 7' to save power during test-
ing. Since the next-state functions are not affected by the
embedded multiplexer, synthesis tools can be expected to
provide efficient implementations of transparent FSMs.

3 System-level test strategy

In this section, we describe the hierarchical test method-
ology using a non-trivial example S of a system with two
32-hit input ports and two 32-bit output ports and composed
hierarchically of several synthesizable modules (Figure 2).
The example was constructed using four high-level bench-
mark circuits (GCD, Barcode, Kalman, and am2910) [15]
and a 32-bit combinational multiplier. Each benchmark isa
sequential circuit with clock and reset inputs, which are not
shown explicitly in Figure 2. In order to make the example
non-trivial and realistic, we introduced a feedback loop and
used bus lines of unequa widths. We also introduced bus
truncation and fanout at several placesin S.

In order to apply the proposed test methodology to a
hierarchical system, we first construct a weighted directed
system graph whose vertices are the synthesizable modules
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Figure 2. An example of a system composed hierarchi-
cally of synthesizable modules.

Figure 3. Acyclic system graph G for the example of
Figure 2.

in the system and whose edges represent functional inter-
connections between the modules. The weight of an edge
(M;, M;) denotesthe total width of the buses (including all
ports) connecting M; to M ;.

Next, we break all cycles in the system graph. This
problem s related to the minimum feedback vertex set prob-
lem, which despite being NP-hard, can be solved efficiently
using heuristic methods [2]. In order to reduce the over-
head due to system-level 1/0O pins and interconnect, the
feedback loops should be broken in such a way that buses
with the least bitwidth are multiplexed to primary 1/Os.
For many hierarchical systems however, this problem is
tractable enough to be solved by inspection due to the small
problem size. The acyclic system graph GG is shown in Fig-
ure 3. Thevertices Fy and F, denote fanout branchesin the
system. The source and sink vertices in the graph represent
system-level primary inputs and primary outputs, respec-
tively. For notational convenience, the edge weightsin G
aredenoted by Wy, Ws, ..., Wi1. Ad hoc sharing methods
can be used to reduce system-level 1/O overhead.

The proposed test methodol ogy applies precomputed test
sets to the modulesin S in multiple test sessions. Exactly



one moduleistested in one session—the modul e under test
is set to the functional mode while all other modules are set
to the transparent mode. This is achieved using a separate
control input for all the modules. This suggests that m con-
trol inputs Ty, 11, ... T,m—1 ae necessary for m modules
My, My, ..., M,, 1. However, the number of control in-
puts can be reduced to [log, m] using a decoder since only
onemoduleistested in any session, which impliesthat only
oneof theT;'s, 0 < i < m,is0inany test session.

Asdiscussed in Section 2 and illustrated in Figure 1, if a
module M’ s output bitwidth isless than itsinput, then addi-
tional outputs must be added to M to makeit fully transpar-
ent. However, thisis not always necessary when M is em-
bedded in alarger system. In order to reduce overhead, the
increase in the I/O bitwidths of M in a hierarchical system
must be carefully minimized by analyzing the propagation
requirements of the other modules.

In order to make the system transparent, we now haveto
transform G to G* by increasing the weights of the edges
in G. For the edges that are inci dent on M , let us denote
the new edge weights by w}, w5, . .. wy, . Similarly, for
the edges that are directed away from M , Iet us denote the
new edge weights by w,, w,, ... Wy

The edge weights in G* can only be determined after
agloba analysis of G. In addition, the total increase in
the system-level interconnect, given by the sum of bitwidth
increases for the edges, should also be minimized. In Fig-
ure3, weused Wy, W, ..., Wi, todenotethe edgeweights
inG. Wenow use W, W5, ..., W} for the corresponding
edgeweightsin G*.

The new edge weights can be easily determined by gen-
erating test graphsfor each modulein the system. For mod-
ule M, the test graph G; C G* contains a vertex M; if
either of the two conditions holds: (i) M; lies on adirected
path from the source vertex to AL;, or (ii) M; lies on adi-
rected path from 1 to the sink vertex. Similarly, an edge
(M;, My,) belongsto G if it either lies on a path from the
sourcevertex to A/; or on apath from A/; to thesink vertex.
Figure 4 shows the test graph for /> modulein S.

For each test graph G, we associate a set of constraints
on edge weights for the edges in G*. These constraints,
which provide sufficient (but not necessary) conditions for
transparency, are of two types: (i) justification constraints,
which ensure that test data from 3/; can be transparently
propagated from the source vertex to M through other
modules, and (ii) propagation constraints, which ensure
that test responses for A/; can be transparently propagated
through other modules to the sink vertex. The constraints
are obtained as follows:

1. Justification constraints: If M; lies on a path from the
source vertex to M; in G, then the weight of each
edge directed away from M; must be at most equal to
the sum of the weights of the edgesincident on M.

Constraintsfor Mo
Justification:

Wy < W)

Wh < Wy
Wi < Wo
Propagation:
w6 < W
W < W9+W10
Wi+ W0 < Wi

Figure 4. The test graphs and constraints on the edge
weights for M> (Barcode).

2. Propagation constraints: If A/; lies on apath from M
to the sink vertex in G, then the weight of every edge
incident on M; must be at most equal to the sum of the
weights of the edges directed away from M.

The various constraints on the edge weights are shown
beside the test graph for module M in Figure 4. The con-
straints derived from the various test graphs typically over-
lap, thus these constraints must be combined to obtain the
set of global constraints. The total increase in the system-
level interconnect for S isgivenby C = Y1 (Wr — W),
where the W}'s are variables whose val ues are to be deter-
mined and the ;s are known constants. Our objectiveisto
minimize C' subject to the constraints on the edge weights.
This can be expressed as the following integer linear pro-
gramming (ILP) model:

Objective Minimize C = S"11 (W — W;) subject to:
)Wy < W5 2 W < Wi+ Wi 3) Wi < W 4)
Wg < Wi+ Wi ) W < Wi + Wiy 6) Wi + Wiy <
Wi 7) Wi < Wg; 8) Wi < Wi 9 Wi < Wy, 10)
We < Wi+ Wi 1) W < Wi 12) W, < Wiy 19)
Wi < W 14 Wy, < W5

The above ILP model can be easily solved using a stan-
dard public-domain solver (we used Ipsolve [3]) to obtain
G* as shown in Figure 5. The solver run time was only a
few seconds for this example. The edges whose weights
have been updated are highlighted; for the sake of compari-
son, their original values are also shown. In order to ensure
transparency, the high-level modules must be synthesized
with the number of 1/Os corresponding to the W *s. There-
sulting system incorporating these transparent modules can
be tested in hierarchical fashion by making complete reuse
of the precomputed tests for the individual modules. Note
however that these precomputed tests must be generated for
the transparent modules since we expect the tests to change
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Figure 5. The graph G* with updated edge weights.
(relative to the original circuit) after synthesis.

4 Experimental results

In this section, we present experimental results on the
proposed synthesis-for-test method for high-level synthe-
sis benchmarks[5, 15]. In addition to the four benchmarks
comprising S, we aso use the benchmarks Iru, diffeg, and
dhrc. All these benchmarks are available as behavioral
VHDL models. In order to illustrate the insertion of the
embedded multiplexer, we present the GCD examplein the
appendix. We carried out three sets of experiments using
the Synopsys Design Compiler (Isi10k library) running on
a Sun Ultra 10 workstation with a 333MHz processor and
256 MB of DRAM. The synthesis time varied from a few
seconds for the individual modules to less than 10 minutes
for the compl ete system. The area figures were obtained by
initially setting the Design Compiler’'s wire load model pa-
rameter to 0.5 and then changing it to 0.1. This parameter
is used by the Synopsys synthesis tool to estimate intercon-
nect arearelative to gate area.

First, we synthesized non-transparent and transparent
versions of each of the high-level benchmarks to evaluate
the impact of embedding mutiplexerson their area and per-
formance. We then carried out a case study by synthesizing
the example S formed from four benchmark circuits and
a 32-hit combinational multiplier. We then synthesized an
easily-testable version of S by making each module in it
transparent. The optimization model of Section 3 was used
to derive atransparent behavioral model that minimized ad-
ditional interconnect area.

Table 1 presents experimental results on synthesis using
embedded multiplexers for seven high-level benchmarks.
The average increase in area due to multiplexer embedding
is only 4%. Interestingly, in many cases, the delay of the
circuit decreased (due to efficient resynthesis) despite the
multiplexer added to its behavioral description. Thisisin
sharp contrast to external multiplexers inserted at the gate
level, which usually increase the delay.

Transp-
Circuit | Transp- arent
Original delay arent ckt delay Area Delay
circuit (clock circuit (clock increase | increase
Circuit area period) area period) (%) (%)
barcode | 795.76 20.17 82291 20.85 341 3.37
GCD 1327.82 | 7740 | 137543 77.29 3.61 —0.14
diffeq 7824.00 | 81.08 8430 80.85 7.75 —0.28
Iru 1913.00 | 44.78 | 1919.00 24.94 0.31 —44.30
dhrc 5659.72 | 76.75 | 6288.89 77.22 11.09 0.62
kalman | 945478 | 7220 | 9577.48 72.30 1.08 0.05
am2910 | 243212 | 30.54 | 244332 40.32 0.45 32.03
Average — — — — 3.96 —1.24
@)
Transp-
Circuit | Transp- arent
Origina delay arent ckt delay Area Delay
circuit (clock circuit (clock increase | increase
Circuit area period) area period) (%) (%)
barcode | 734.00 20.17 753.92 20.85 272 337
GCD 122821 | 7145 | 124351 73.41 1.25 —1.32
diffeq 7061.64 | 81.08 | 7617.99 80.85 7.88 —0.28
Iru 166543 | 25.71 | 1694.29 25.07 173 —2.60
dhrc 5073.4 76.56 | 5662.23 76.71 11.60 0.18
kalman | 8601.63 | 7220 | 8727.71 72.30 147 0.05
am2910 | 2165.04 | 30.54 | 2205.00 40.32 0.45 32.03
Average — — — — 3.87 4.49

(b)
Table 1. Impact of embedded multiplexers on the area
and performance of high-level synthesis benchmarks (De-
sign Compiler 1si10k library units): (a) wire load parameter
set to 0.5 (b) wire load parameter set to 0.1.

In Table 2, we present experimental results on the syn-
thesis of the hierarchical system S using transparent mod-
ules with embedded multiplexers, and using the graph
model and optimization framework described in Section 3.
The results show that complete hierarchical testability of S
can be achieved with an area overhead of only 3.2% and
performance loss of only 1.6%. Asdiscussed in Section 3,
the additional system 1/O pins for test data can be multi-
plexed using ad hoc methods based on the functional inter-
connections between the modules. A systematic strategy for
minimizing the number of 1/Os remains an interesting and
important open problem.

We also evaluated the impact of adding explicit multi-
plexers for transparency to the high-level synthesis bench-
marks. As expected, he trivial method of adding multiplex-
ers at the gate level leads to much higher overhead. While
the area overhead is very high (9% on average), the penalty
on system performanceis especialy severe (also 9% on av-
erage).

Finally, we present the results of applying the synthesis
approach to the proc and peri modulesin the LEON core.
The proc module contains the integer unit, clock/reset gen-
eration and the floating-point unit. The peri module is a
smaller controller unit used for instantiating all peripher-



Area Delay Number
increase increase of I/0
Circuit Area Delay | (percent) | (percent) ports
Hierarchical
system S 19033.58 | 73.69 — — 72
(original)
Hierarchical
system S
(transparent) | 19643.35 | 74.85 3.20 158 85
@)
Area Delay Number
increase | increase of 1/0
Circuit Area Delay | (percent) | (percent) ports
Hierarchical
system S 17180.77 | 73.69 — — 72
(original)
Hierarchical
system S
(transparent) | 17730.99 | 74.85 3.20 158 85
(b)

Table 2. Resultson the synthesis of hierarchically-testable
system S composed using transparent modules: (a) wire
load parameter set to 0.5 (b) wire load parameter set to 0.1.

and performance overhead.
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