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Abstract not be optimized. In other words, if we can make a decision

Thi bility i hod f earlier, we will have more freedom to adjust the decision
_ This paper presents a testability Improvement method for, optimize the design together with other synthesis tasks
digital systems described in VHDL behavioral specifica-

: . - i : in terms of performance and cost. Another disadvantage of
tion. The method is bas_ed on testability analysis at registeryg approach is the high computational complexity for gate
transfer (RT) level which reflects test pattern generation g e| testability calculation. This is important since testabil-
costs, fault coverage and test application time. The testabll-lty will be repetitively calculated during design

ity is measured by controllability and observability, and ransformations.

determined by the structure of a design, the depth from IO ggme structural approaches have been proposed for solv-
ports and the functional units used. In our approach, hard-jng the complexity problem of testability analysis [3,4,5]. In
to-test parts are detected by a testability analysis algorithmthese approaches, flip-flops responsible for feedback loops
and transformed by some known DFT techniques. Ourgre selected for scan, so that the remaining circuit is acyclic.
experimental results show that testability improvementit has been shown [3] that feedback loops are the main bur-
transformations guided by the RT level testability analysisden for sequential test generation. However, optimal
have a strong correlation to ATPG results at gate level.  solutions in these approaches are not guaranteed. Moreover,
the analysis of feedback loops requires thorough graph anal-
ysis, the complexity of which should also be considered.
Our approach is to raise the level of abstraction for test-
1 Introduction ability analysis. The advantage of our testability analysis
approach is the ability to capture hard-to-test parts not only
Current VLSI design complexity has made test difficult in feedback loops but also in acyclic design parts. We make
and expensive. Increasing testability of a design becomesestability improvement decisions at RT level by using the
one of the important issues during a design cycle. It helps t@estability analysis results and some DFT techniques. The
achieve high test quality and reduce both test developmenéarly decision about testability improvement gives the pos-
cost and test application cost. sibility that this design can be optimized in later synthesis
Many industrial design tools provide VHDL as an input processes. The testability analysis carried out at high level
language for hardware description and simulation. Some 0bf abstraction (RT level) will also reduce the computational
them can also perform design synthesis and ATPG to easgomplexity, since the complexity of a design at that level is
design processes. DFT techniques, such as scan path, ag@jnificantly lower.
sometimes used in these systems for ATPG to achieve high |n our approach, a design described in VHDL behavioral
test quality. Using testability measures such as SCOAP [1kpecification is compiled into an internal representation
to guide the decision of using DFT techniques is proved toysed in our high-level synthesis system, called ETPN
be useful [2] and is adopted by Racal-Redac design tool inExtended Timed Petri Net) [6, 7]. The testability analysis
test generation. Our experience shows that using SCOARnd improvement are carried out on this representation. Our
for testability analysis to select test insertion points can effi-testability analysis algorithm measures the relative difficul-
ciently improve the testability. However, this decision made ties of test generation (cpu time), test application (cycles)
at gate level after the main synthesis tasks are finished is tognd achieving high fault coverage for every line (multi-bit)
late for design optimization. The performance and area mayn a design, which links two RT level functional units, such
as adder, multiplier, register and multiplexer. Two strategies
This work has been sponsored by the Swedish National Board for ~ are developed for using two DFT techniques to improve
Industrial and Technical Development (NUTEK). testability based on these results. The two DFT techniques
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are partial scan technique and test-cell (T-cell) insertion entity Sumis

technique. If there exist registers responsible for the hard- port (pl:in bit_vector (0o 7);
: . . p2:out bit_vector (0o 7));
to-test parts, the first strategy will transform these registers end Sum:
into scan registers. Otherwise, the second strategy will add _ _
T-cells to hard-to-test lines. The design with these transfor- arChS'tigggler‘? gﬁh\% (iglm(go 7) = “00000000":
mations will I_ater be considered together Wlth _other_hl_gh- signaly: bit_vector (@0 7) ‘= “00000000"-
level synthesis tasks, so that the whole design is optimized. begin
The transformations of scan registers and T-cell insertions groqess
can also be annotated back to the original VHDL specifica wait until y'event:
tion. y <=pil;
The rest of this paper will first briefly introduce the while y >= “00000000"100p
ETPN representation and the VHDL to ETPN compiler. A X zf X1+- Y
definition of testability and its algorithm are then given. The ?,/\,aif L?nt'il y'event;
testability improvement strategies based on testability anal- end loop
ysis results are later described in detail. Finally, p2 <=Xx;
. end process
experimental results are presented. end beh:

2 Design Representation

Our testability analysis algorithm analyzes the ETPN
representation of a design and predict hard-to-test parts. We
use the S'VHDL compiler [8] to compile a subset of VHDL
behavioral specifications into ETPN internal design repre-
sentations [7]. An example of a VHDL specification and its
ETPN representation is given in figure 1.

The ETPN design representation consists of two parts:
data path and control part. The data path is a directed graph
with nodes and lines. The node represents the storage and
manipulation of data. And the line connecting two nodes control part data path
represents the flow of data. The control part is modelled as (b)

a timed Petri net. These two parts are related through the Figure 1 (a) VHDL Example, (b) ETPN Example

control states in the control part controlling the data trans-

fers in the data path, and the condition signals in the dat®bservability measures reflect respectively two procedures
path (for exampleC; in figure 1) controlling some transi- during test generation and test application, namely the fault

tion(s) in the control part. sensitization and the fault propagation. Both the controlla-
bility and the observability are further defined by two
3 Testability Definition factors: combinational factor and sequential factor. The

combinational factor is used to measure the cost of generat-
Our testability definition assumes that the fault model ising a test and fault coverage. The sequential factor is used
stuck-at fault model and ATPG is random and/or determin-to measure the sequential complexity of repeatedly using a
istic. The assumptions are justified, since the stuck-at faulicombinational test generation algorithm to a sequential cir-
model is the mostly used fault model and many ATPG'’s cuit, and the cost (time and memory) of executing a test. As
start by using random test generation to cover as many result, we have four measures for testability; combina-
faults as possible and then switch to deterministic test gentional controllability CC), sequential controllabilitySO),
eration. combinational observabilityJO), and sequential observa-
The testability is defined by the measures of controllabil- bility (SO.
ity and observability. The controllability measures the cost The combinational factolSC andCO range from 0 to 1,
of setting up any specific value on a line. The observability, where value 1 represents the best combinational controlla-
on the other hand, measures the cost of observing any spéility (or observability). TheCC's (or CO's) of all primary
cific value on a line. The term ‘cost’ reflects: 1) the costs ofinputs (or outputs) are equal to 1. The value©©for CO)
cpu time to find out input vectors to set up a value on anrepresents that we are unable to set up (or observe) that line.
internal line or to distinguishably observe a value on anThe sequential factorSC and SO are natural numbers
internal line through primary outputs, 2) the cost of achiev-which represent 1) the estimated number of steps that a
ing high fault coverage, and 3) the time to control or observecombinational test generation algorithm needs to be repeat-
this fault during test execution. The controllability and edly applied to a sequential circuit, and 2) the number of



clock cycles to control or observe a line under testSke 3.2 Controllability of Sequential Units
(or SOs) of all primary inputs (or outputs) are equal to 0. ) ) )

A set of heuristics is developed to find the controllability ~ FOr sequential units, such as registers, the data transfers
(or observability) at a functional unit's output (or input) from iNputX to outputY is determined by the related state
based on the controllability (or observability) at its inputs fransitions (from Sto §) in the control part. We estimate
(or outputs). The relationship between the controllability (or tis by considering the controllability at condition nodes
observability) at a unit's input and output depends on theres_ppn&ble for the state transitions. Tid- of a sequential
controllability transfer factoE TF (or observability transfer ~ Unitis one. Thus, we have,
factor OTF) of a unit. The facto€TF reflects the probabil- CCy = CC*xCCeonq(s, 5)
ity of setting a value at a unit's output by randomly SC, = SC+clk (S, S)
exercising its inputOTF reflects the probability of observ- WhereccconC(Si, s is the product o€C's of all condition
ing a unit's input by randomly exciting its other inputs and nodes for state transitions frdto ;. It reflects the cost of
observing its outputs. These two factors reflect not only thean ATPG to find an input to make these conditions true.
difficulties in a random test generation but also the difficul- CIk(S, g) is the sum of clock cycles for state transitions
ties in a deterministic test generation. The reason is that ifrom S to S. If there are several paths franto %* the
deterministic test generations, we need to set a maximunghortest one is selected.
cpu time for each fault and a maximum backup for each vec-
tor. Faults with small probability to detect will more often 3.3 Observability of Combinational Units
cause conflicts between the vector to control them and the
vector to observe them. Therefore, backups are necessary,
which means that the probability of detecting the faults !
becomes smaller within limited cpu time.

To propagate a fault, we need both to control some input
es and to observe output lines of a unit. The observability
at an input lineX, of a unit is obtained by

Both CTFandOTF are in the range from O to 1, where 1 COx, = €Oy x OTFy xCCy,
represents the best controllability and observability transfer SO, = SOtk (S), (1<ks<0)
of a unit. The detailed calculation can be found in [9]. Dif- \where
ferent types of units have differe@TFs andOTFs. CTF q q
andOTF for each type of units are calculated only once and > (COy xm) > (SQ, xm)
stored in a library. In the following, we will describe the _i=1 andso . = i=1
heuristics of calculating controllability and observability. out ’ out

q q

2m 2m

3.1 Controllability of Combinational Units _ i=1 N e
CG, is the average controllability (withouECy,) as

Assume that a combinational unit has inpfs ..., X, defined in section 3.1.

with ng, ..., Ny bits respectively, and outputg, ..., Yy with N _ _

my, ..., My bits respectively. For combinational units, data 3.4 Observability of Sequential Units

transfer from inputs to outputs is finished in the same con-

trol state. Combinational ATPG can be applied directly. The

controllability at an output of this unit is obtained by

CC, = CG, xCTF,
SC, = G, +clk (§), (1<ksq)

TheOTFof a sequential unit is one. Similar to the formu-
las in 3.2, we have

COy = COy* CCryng(s, 5)

SQ = SO +ck (S, S)

where 4 Testability Analysis Algorithm
p
Z (CCXi xn) The testability analysis algorithm calculates the testabil-
cc,, = i=1 ,andSC,, = Max { SC,} ity {CC, SC, CO, Spfor each line in a d93|gn.llt first
P i assigns ones t6Cs and zeros t8GCs for all primary inputs
z n; in the data path of the ETPN. These values are then propa-

) =1 gated according to the heuristics described above until
Clk(S) is the number of clock cycles needed for data oper-primary outputs are reached. A similar approach is used in
ation at a functional unit (we usually assume it to be zero).ca|culating observability, but it starts from primary outputs

The heuristic says that the aver&fefrom a unit's inputto  towards inputs. A simplified version of the algorithm@e
output is reduced because of the data transfer through thgnqsccalculation is presented in the following:

unit, andCSis increased because of the delay for data oper-
ation. Al assign all primary inputs: CCp,im_m =1, SCp,im_m =0.
A2 calculate controllability at a unit U’s outputs by using the
average controllability calculated at its inputs:



a) if U is a combinational unit: ates the testability of registers by the formula:
CCou=CCj, * CTFy, SCqyt = SCj, + clk(S)),

. . . Cr -C S- X
b) if U is a sequential unit: Ep = ——— +kO——
CCout = CCin * CCeonq(si, sj), SCout=SCin + clk(s;, Sj)- c S
A3 if U is involved in a feedback loop: whereCr; andSz; areCCr+COg; and SGg; +SCg; at the
CCout = CCout * CCioop. SCout = SCout + SCioop output of registeR, respectivelyC andSare the average of

all Cgj and the average of &@; in a designk equals C/S,
which scales the combinational and sequential factors to the
In the algorithm, clkS), clk(S;, §) andCCeonq(si, sjpre ~ Same level. Thisormula measures the sum of combina-
the same as defined in sectiorC&,,,andSGy,, are the  tional and sequential testability derivations at register

combinational controllability and sequential controllability R; from the averagtestabilities of all register3.he larger
at the condition node that controls the termination of a feedEg;, the better the testability of register.
back loop. We can see that controllability becomes worse After the evaluations, this strategy suggests several reg-
with the increase of depth in the data path from primaryisters (about 10% from the beginning) with the worst
inputs. Observability becomes worse with the increase oftestability evaluation results and involved in feedback loops
depths both from primary inputs for control and primary to be transformed to scan registers first. It also requires that
outputs for observation (see its definition in section 3). these registers must be in different feedback loops, since
Traditional testability calculation for feedback loops in once a register in a feedback loop becomes directly accessi-
data path usually requires long iterative computations [1].ble, the testability of the whole feedback loop will be
To simplify this problem, we use the controllability at the improved. After the first step, testability analysis and evalu-
condition node that controls the termination of a loop (seeation are re-calculated. If the testability evaluations of some
step A3 in the algorithm above). registers are still very poor, it will transform them in the
Generally speaking, the controllability of all fanout nextstep no matter if they are involved in the same feedback
branche¥;, ..., X, are the same as the controllability of an loop as the registers transformed before. If no register is
original lineX, and the observability of should be the best involved in feedback loops, this strategy only transforms
of Xy, ..., X,,. However, if there is a redundant fault caused one register with the worst evaluation result every time,
by a reconvergent fanout, some fanout branches cannot bgince testability dependency may exist between registers.
controlled and observed. Therefore, checking redundant This strategy is usually used at the beginning. When no
fault is required at fanout points. To reduce the computa-register is responsible for the bad testability of a design, the
tional complexity (NP-complete), we have developed a setfollowing line selection strategy can be used.
of heuristics [10] to quickly find out if there is no redundant . .
fault or to point out if there is one. This is, however, beyond9-2 Line Selection Strategy
the scope of this paper.

A4 repeat A2 until all primary outputs are reached.

The line selection strategy uses a similar formula to
evaluate the relative difficulty of testing each line in a
design. We only need to chan@g; andSy; for registers

Two DFT techniques, the partial scan technique and the! the above formula to those for lines. This strategy

. . ) . .. suggests the insertion of a T-cellthe line with the worst
T-cell insertion technique are used to improve testability. o . . .
. ) testability. The T-cell is a scan-like element designed to
The former technique can make some registers totally

accessible. The latter one can make some lines totall accee-nhance controliability and observability at any line in a
) - ; : Y %esign. The detailed schematic design can be found in
sible, but is only used when no register is responsible for,

hard-to-test parts. Two strategies of identifying hard-to—testR"’lc"’lI Reda(; system users manual. Th|s strategy only
) ) selects one line for transformation each time because of test-
registers and hard-to-test lines for the uses of these twq, .- . X
) ability dependencies between relevant lines. Testabilities at
technigues are developed.

these relevant lines must be re-calculated after each trans-
5.1 Sequential Unit Selection Strategy formation.

5 Testability Improvement Strategies

Experiments [3] show that feedback loops are mainly 6 Experimental Results

responsible for test generation complexity. To solve this

problem, we break feedback loops by making nodes directly To verify the correlation between our testability analysis
accessible. Partial scan technique which makes some regigesults at RT level and test generation results at gate level,
ters directly accessible is relatively cheap and easy. Theve use the Racal-Redac design tool to synthesize RT level
proposed sequential unit selection strategy uses this tectdesigns with different testability improvement transforma-
nique to transform registers with the worst testability andtions to gate level (by SilcSyn) and then do test generation
involved in feedback loops to scan registers. It first evalu-(by Intelligen). Comparing the test generation results, we
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Table 1: Testability Analysis Results for Counter Example

register in testability evaluation (Eg)
TAIP - design no scan Cscanned | CandS scanngd
| VHDL compiler | > C (8 bits) 0.20 1.88 1.01
ETPN * _ Redac ¥ M (8 bn_s) 1.70 1.71 1.84
testability SicSyn S (16 bits) 1.70 1.50 1.95
analysis synthesize CC+CO 0.40 1.59 1.68
¥ SC+S0 7,707 7 13
testabilit .
irggg?gﬁdy In'&e_llllljgén Table 2: Test Generation Results for Counter Example
register(s ] synthesi ATPG
scanned | Our selections] no. of | cpu time [fault cov.[test appl.
Figure 2 Experimental Framework gates s) (*0) (cycle)
no scan no 595 8,912 94.7R 7,209
can find the influence of our testability improvement trans- C selected 868 148 9283 6,741
formations guided by the testability analysis results at RT| ™ no - 2,821 95.31| 11,056
level to the test generation results at gate level. The input S no - 5,030 90.95] 13,786
designs are specified in behavioral VHDL and the partial| C. M no - 169 | 90.42] 7,122
scan transformations are specified in VHDL attributes that | C,S | finally selectef 907 76  97.08 8,816
M, S no - 2,819 96.30] 17,535
em'%’orct“(t Is SSM no 931 58| 96.48| 10,746

clk :in std_logic;

reset in std_logic;
X :in std_logic_vector (downto 0);

max :out std_logic_vector (downto 0);
sum :out std_logic_vector (18ownto 0)

)
attribute clock_sourcef clk : signal istrue;
attribute reset_sourcef reset signal istrue;

end Cnt;

architecture behof Cntis
signal ¢ : std_logic_vector (downto 0);
signalm : std_logic_vector (@downto 0);
signals : std_logic_vector (18ownto 0);

attribute rtsof ¢ :signal isinclude; -- if ¢ needs to be scanned
attribute rtsof s :signal isinclude; -- if s needs to be scanned

SilcSyn can accept. The experimental framework is illus-
trated in figure 2.

The experiment was carried out on a Sparc-10 station
and the default setting of maximum cpu time for each fault
(500 seconds) and maximum backup for each vector (25)
were used. Designs used for experiments are three high-
level synthesis benchmarks and one illustrative example,
counter.

Figure 3 describes the SilcSyn VHDL specification for
the counter example. Table 1 lists its testability evaluation
results when the sequential selection strategy is used. The
testability evaluation results show that regisiehas the

begin e - |
max <= m; worst testability evaluation value 0.20. In fact, regiger
sum <= s, which controls the iteration of the counter is uncontrollable.
gggm.process After registerC is inserted into a scan path, the average

CC+CO (0= CC+CO< 2) is improved from 0.4 to 1.59.
The averag&C+SO( =0) is improved from 7,707 to 7. By
a similar step, registe is selected for scan insertion, and
m <= “00000000": CC+CO is improved from 1.59 to 1.68, not as much
d <=“0000000000000000"; improvement as in the first step. On the other h8adSO
end if; i rising edae(clk _ becomes worse, from 7 to 13. This is explained by the fact
wait until rising_edge(clipr (reset = "1'); that with more registers scanned, the delay in test applica-

next resetloopvhen (reset = ‘1’); : )
while c /= Oloop tion caused by the scan path starts to increase.

wait until (reset = ‘1");
resetloopioop
if reset = ‘1'then -- initialization.
c<="11111111"

_f% <=c-1 h Table 2 lists Intelligen test generation results of all differ-
! (;(1><£nx)t en ent scan transformation schemes for this design. Our partial

end if: scan scheme with registe€sandS scanned achieves much

S<=s+X o shorter cpu time of test generation (76 seconds) and the best

wait until rising_edge(clkpr (reset = "1'); fault coverage (97.08%). In full scan case, the added logic

next resetloopvhen (reset = ‘1'); . . . .

end loop; - while loop. for scanning registev does not help test, since it is easy to
end loop -- resetloop. access. On the contrary, the unnecessary added logic

end process increases the test generation complexity. As a result, the
fault coverage is decreased and the test application cycle is

end beh;
Figure 3 Counter SilcSyn VHDL Specification increased.



Table 3 shows the SilcSyn synthesis result and Intelligentheir detailed implementations at that level. We can calcu-
test generation results with different test transformationlate them more accurately if we know their
schemes: no scan, full scan and our partial scan for the Difimplementations.
ferential-equation benchmark [11], the Square-root In this paper, we have discussed the usage of two DFT
benchmark [12], and the Elliptic-filter benchmark [13]. We techniques to improve testability. The use of other DFT
can see the test improvement by our partial scan transformaechniques, such as BIST, is our on going research.
tion in test generation time and fault coverage when
comparing with no scan, and the improvement in hardwareAcknowledgement
overhead (number of gate) and test application time when
comparing with full scan design. These results conform well  Many thanks to Staffan Persson from CynCrona Redac
to our testability predictions at RT-level. in Sweden who helped us in using the Racal-Redac system

for experiments.
Table 3: ATPG Results with Different Scan Schemes

synthesig ATPG

bnfgﬁy- gﬁilfacr?r?gj no. of | cpu time [fault cov.| test appl. References
gates (s.) (%) (cycle)
] non (0) 3,269 12,915 49.68 6,224 [1] Goldstein, L.H., and Thigpen, E.L., SCOAP: SANDIA
EqDL:‘;fEiO partial (32) 3,398 3,937 941y 18,345 Con_trollabiIity/O_bservabiIity Analysis PrograrRyroc. 17th
full (144) 3,687 497 98.04 108,308 Design Automation Confl980. _
non (0) 2746 8014 3576 3.286 [2] Trischler, E., Design for Te_st_ablllty Using Incomplete_ Scan
Sglé%l;e partial (64) 2899 1177 92.66 53.773 ggﬁh;;dlgesNt?gI%éb\;alys@emens Forsch.- u. Entwickl.-
full (80) 2,942 1,011 91'7‘_ 51344 [3] Cheng, K.-T., and Agrawal, V.D., A Partial Scan Method for
non (0) 8383| 72852 6.5p 2,901 Sequential Circuits with FeedbackK&EE Trans. on
Ellptic- partial (64) | 8,646 61783 5477 79,240 Computers\Vol.39, No.4, pp.544-548, April 1990.
Filter | Partial (144)] 8,974 35,343 79.88 280,271 [4] Gupta, R., Gupta, R., and Breuer, M.A., The BALLAST
partial 272)] 9,495 31,893 88.35 887,247 Methodology for Structured Partial Scan DesitpEE
full (576) 10,736 11,442 96.10 964,589 Trans. on Computer§0l1.39, No.4, pp.538-544, April 1990.
[5] Kunzman, A. and Wunderlich, H.-J., An Analytical
Approach to the Partial Scan Problein,of Electronic
. . . Testing: Theory and Applicationso.1, pp.163-174, 1990.
7 Conclusion and Discussion [6] Peng, Z., Semantics of a Parallel Computation Model and its
Applications in Digital hardware DesigRroc. of the
A testability improvement method based on testability International Conference on Parallel Processipg.69-73,
analysis for designs described in VHDL behavioral specifi- August, 1988.

cation is presented. This approach is able to detect ang] Peng, Z. and Kuchcinski, K., Automated Transformation of

. . Algorithms into Register-Transfer Level Implementation,
improve harc_i—to-test parts not only in feedback loops but IEEE Trans. on Computer-Aided Design of Integrated
also in acyclic parts, which other structural approaches are  circuits and Systemalo. 2, Vol. 13, 1994.

not applicable. The computational complexity is also much[8] P. Eles, K. Kuchcinski, Z. Peng, and M. Minea, Compiling
lower than that at gate level. The early testability improve- VHDL into a High-Level Synthesis Design Representation,
ment decision makes the optimization of the testability- Proc. of EURO-DAC’'921992. o

improved design possible in other synthesis processes, andl GU. X.. Testability Analysis and Improvement in High-Level

. . Synthesis Systembcentiate thesis, thesis No. 333,
the test development (test generation, etc.) much easier. Linképing University, Sweden, 1992.

The testability improvement techniques discussed in they1o] Gu, X., Kuchcinski, K., Peng, Z., Testability Measure with
paper are partial scan technique and T-cell insertion tech- = Reconvergent Fanout Analysis and Its Applicatiofise
nigue. This means that we are able to improve testability not Euromicro Journal, Microprocessing and
only for registers, but also for any other parts in a design. Microprogramming nrs 1-5, August, 1991. .

Our experiments with high level synthesis benchmarks[ll] P. Paulin and J. Knight, Force-directed scheduling for the

. . . . . behavioral synthesis of ASIC'YEEE Trans. Computer-
show that designs without test consideration will cause huge  Ajjeq Designvol. 8, pp.661-679, June 1989.

cpu time for test generation and very low fault coverage.[12] H. Trickey, Compiling Pascal programs into silicoRh.D.
The full scan technique does not always solve these prob-  thesis, Dept. of Computer Science, Stanford University,
lems. Not only the long delay in test application and high 1985.

hardware overhead, the added logic for full scan may alsd13] P. Dewilde, E. Deprettere and R. Nouta, Parallel and
increase the test generation complexity. pipelined VLSI implementation of signal processing

. algorithms, inVLSI and Modern Signal Processjng. Y.
We are trying to detect gate level test problems by test- Kl?ng et al, Eds. Englewood CIif?s, INRE Prent??e-Hall,
ability analysis at RT level. This is under the assumption pp.257-264, 1985.
that we estimat€TFs andOTFs of RT level functional

units only by their functional tables, since we do not know
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