Hierarchical Test Generation and Design for Testability of ASPPs
and ASIPs"

Indradeep Ghosh, Anand Raghunathan and Niraj K. Jha
Department of Electrical Engineering
Princeton University, Princeton, NJ 08544

Abstract

In this paper, we present design for testip (DFT) and hi- the method of generating test programs nor gives fault coverage re-
erarchical test generation techniques for facilitating the test- sylts.

ing of application-specific programmable processors (ASPPs) and | this work we present a method to generate test microcode
application-specific instruction processors (ASIPs). The method pased on an analysis of the structural RTL implementation of an
utilizes the register transfer level (RTL) circuit description of an  ASPP or ASIP. This test microcode, when written into the instruc-
ASPP or ASIP and tries to generate a set of test microcode pat- tion memory of the ASPP or ASIP, dictates a new control/data flow
terns which can be written into the instruction read-only memory i the circuit. Thus, we try to exploit the inherent programmabil-
(ROM) of the processor. These lines of microcode dictate a new ity of these circuits during testing. This new control/data flow is
Cor_ltrolldata flow |_n the circuit and can be used to test_modules used to JUStlfy and propagate precomputed module-level test sets.
Wh|Ch are not eaSI|y testable. The new control/data flow |S_ used to The method of using precomputed test sets for acyclic RTL circuits
justify precomputed test sets of adule from the system primary  \yas first presented in [4]. However, we can tackle cyclic RTL cir-
inputs to the module inputs and propagate output responses fromcyits as well. In the few cases where this method is unsuccessful
the module output to the system primary outputs. If the derived testin, testing the data path completely, we add some test multiplexers
microcode cannot test all untested modules in the circuit, then test g the data path to solve the problem [5]. We use a particular test
multiplexers areadded to the data path to test these modules and grchitecture to test the controller separately. The only assumption
thus testability of all rndules is guaranteed. This scheme has the e make is that the microcode is encoded in the horizontal format.
advantages of low area and delay overheads (average of 3.1% andyowever, the method can be easily modified to work for designs
0.4% respectively), high fault coveraged.6% for all cases) and in which the microcode is in the vertical format. Experimental re-
at-speed testing. Test generation times are about three orders ofsyjts on a number of examples show that this method results in a
magnitude smaller than an efficient gate-level sequential test gen-yery high fault coverage=09.6%) and low area (3.1%) and delay
erator. Only one external test pin is required for the DFT method.  (0.49) overheads. The area overheads would be even lower if the
1. Introduction instruction ROM was assumed to be erasable. The test generation

An ASPP is a programmable architecture which is designed to exe-ime by our method is up to 1500 times faster than an efficient gate-
cute a number of different behaviors [1]. Since application-specific level §equentlal test generator and the circuits are at-speed testable.
integrated circuits (ASICs) are specifically designed to execute a  This procedure can be extended to be applicable to any general-
single behavior, it is difficult to make changes in the later phase of PUrpose programmable processor if it is possible to alter its mi-
the design cycle. However, a programmable data path can be morecrocode ROM. If that is not possible, one will have to work with
easily adapted to a new behavior, so that redesign work is greatlya predefined instruction set, as opposed to microcode directly,
simplified. In ASPPs, a microprogrammed controller is generally” Whereby the general controllability and observability of the data
used and microcode programs are written into the control mem- path is restricted to what the instruction set can provide.

ory. There are usually several of these programs in a single con- In Sections 2 through 4, willustrate how our method works

trol memory of an ASPP where each program caters to a single be-through an example ASPP and ASIP. We present the DFT proce-
havior. External mode inputs are used to load the starting addressdure in Section 5 and experimental results in Section 6.

of a particular program into the program counter and thus switch

the ASPP to execute different behaviors. An ASIP is also a pro- 2- Example 1: An ASPP

grammable data path which lies in between a digital signal proces- Figure 1 shows the RTL implementation of an ASPP which we
sor (DSP) and an ASPP in terms of programmability [2]. Here the have named ASPP4. This was obtained by simultaneously synthe-
data path is more generic and has register files and arithmetic-logicsizing the control/data flow graphs (CDFGs)Reulin and Tseng
units (ALUs) like a traditional processor. To improve performance, into a single RTL circuit usingsenesis(area) high-level synthe-
!tS Instruction Set IS mqre ||m|ted_ than a DSP and the COﬂnecthlty sis tool that targets area optimization [6] Depending on which mi-
in the data path is restricted. So it is tuned to a smaller set of appli- crocode program in the controller is used, the circuit can emulate
cations which it can perform faster. However, it is not as restricted the behavior of eithelPaulin or Tseng
as an ASPP in terms of programability and is slower than an ASPP  Fjrst ysing the existing microcode programs, we extract the CD-
if programmed to execute the specific behaviors which an ASPP is FGs ofPaulinand Tsend7], assuming that the CDFGs of the dif-
tuned to do. Some work has been done on etiptpthe proper-  farent behaviors that will execute on the data path are not avail-
ties of ASIPs for testing purposes [3]. However, it neither explains gpje to us. We utilize these CDFGs to test as manyutes in the

0 T data path as possible through symbolic justification of a precom-
MP{;%"{‘QC’Zng_dgme”ts' This work was supported by NSF under Grant No. puted test set at the inputs of any operation in the CDFG, which is
Permissions to make digital/hard copy of all or part of this work for per- mapped to the module under test, from the system primary inputs,
sonal or classroom use is granted without fee provided that copies are notand by propagating the output response of the operation to a CDFG
made or distributed for profit or commercial advantage, the copyright no- output. The symbolic justification and propagation paths form a
tice, the title of thepublication and its date appear, and notice is giventhat test environmerfor the operation [6]. Since it is symbolic, it is in-

copying is by permission of ACM, Inc. To copy otherwise, to republish, to ; i
post on servers or to redistribute to lists, requires prior specific permission ?eespt)ig?em of exactly which vectors are presentin the precomputed

and/or a fee. . .
DAC 97, Anaheim, California The CDFG and binding information extracted fésengfrom
(c) 1997 ACM 0-89791-920-3/97/06 ..$3.50 ASPP4 is shown in Figure 2. Constawctsandc?2 are the initial
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Figure 1: The RTL circuit of ASPP4
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are all represented in the graph. The modules have two
different sets of edges coming into them comprising of
their input ports. Figure 3 shows the SCG obtained from
the RTL circuit of ASPP4. The register nodes are repli-
cated to keep the diagram simple and nodepresents
REG. Theprimary input registergregisters directly con-
nected to primary input ports) are encircled at the mod-
ule inputs. Theprimary output registeréegisters directly
connected to the primary output ports) are encircled with
shaded circles at the module outputs. Thastant regis-
ters (registers to which constants may be loaded) are en-
cased in a square. The remaining registers are just black
circles. The modules which remain untested without the
extra test microcode are shaded.

From the SCG, we compute controllability and observ-
ability numbers, calledC-numbersand O-numbers for
each register. The C-number of a register gives an approx-
imate idea as to how many cycles are required to control
its value to a symbolic vector from a primary input port,
given complete freedom to choose the control signals of
the RTL circuit. For example, the C-number of all primary
input registers is 1 as they can be loaded from an input port
in one cycle. Similarly, the O-number of a register gives
an approximate idea as to how many cycles are required to
observe the symbolic value of a register at a primary out-
put port, given the above freedom. Hence, the O-number
of all primary output registers is 0. We then apply a few
simple rules (see Section 5) based on a distance metric to

values of the loop outputs with their values in brackets. The test en- get the C- and O-numbers of the other registers. These are shown

vironment of operatiort4 is used to test adder ADD2 in the RTL
circuit. To test an adder, suppose we need vexty) at its left
(right) input. We can apply vectgrat inputi3 and vector 1- x at
inputi2. However, operatior1 is also mapped to adder ADD2.
Since a fault in a module can affect all operations mapped to i,
we need to verify the value ofl by observing it at primary output
register REG2. The output 64, v6, is observable since it is also
mapped to REG2. Hence, to test operatigh and thus module
ADD2, we require four clock cycles for every vector in the pre-
computed test set of the adder. Also, the above method is general
enough to handle chaining, iitiaycling, and structural pipelining.

Let n be the number of lines in the main loop body of a mi-
crocode prograne.g.for Tsengn= 5. In general, we extract the
behavior of the circuit for at mosin cycles (this limit is flexible
but2n was sufficient for our purposes), although, for simplicity, in
Figure 2 we show the extracted behavior for only 5 cycles. After
extracting all existing behaviors in the circuit, and trying to derive
a test environment for at least one operation for every module, if
some untested moduleslisemain, we resort to DFT. In Figure 1,
modules ADD3 and OR1 remain untested after the above efforts.
To test them, we add some test microcode which dictates a special
data/control flow that allows us to find a test environment for these
modules in the test mode.

Consider ADD3. Let vectox (y) be required at the left (right)
input of ADD3. Consider the following operation sequence:

Cycle I Load REG7 withx from IN-PORT2 and REG1 with O.
Cycle 2 Configure input mliiplexer trees of ADD2 so that the out-
put of REG1 (REG7) flows into its left (right) input; load REG2
with the output of ADD2; load REG6 witli from IN-PORT1.

Cycle 3 ADD3 inputs now have vectok(y). Load REG6 from the
output of ADD3; load REG7 with vector O from IN-PORT2.

Cycle 4 Configure input mliiplexer trees of ADD2 so that the out-
put of REG6 (REG7) flows into its left (right) input; load REG2
with the output of ADD2.

The sequence of operations, which tests module ADD3 with
test vector X,y), can be achieved by adding four extra lines of
test microcode to the control memory. This sequence of mi-
crocode can be formally obtained by first converting the RTL
circuit into a structural connectivity grapi{SCG). In the SCG,

at the top of Figure 3.

We next perform RTL test generation on the untested modules.

Binding information:

First, we need to define a few terms. The general controllability
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Inputs : i1, i2, i3 ADD1: +2
Outputs : 01, 02 ADD2 : +1, +4
REG1: c2, 02 ADD3 : +3
REG2: cl, ol,vl, v6 MUL1: *1
REG3: v4 MUL2 : -
REG4 : i2 MUL3 : -
REG5 : v2 SUB1: -1
REG6 : v3,V5, il OR1: |1
REGT7: i3 AND1: &1

Figure 2: CDFG foiTsengextracted from ASPP4

Cy of an SCG node is the dity to control it to any arbitrary value
from the system primary inputs. The obsenliab O, of an SCG
node is the aility to observe any arbitrary value at thide at a
system primary output. Similarly, we can def@g(controllability

to 1),Cy (controllability to 0), andC,; (controllability to the all-1s
vector). The verifiabilityy of an SCG node is the dity to verify

its value by either controlling or observing it. The controllability,
observability and verifiability are all Boolean parametéss, they

all multiplexers are abstracted out as edges since we can gefonly take the values of 1 or 0, depending on whether the variable

the required flow through a nitiplexer tree using test mi-

has the corresponding idity or not [6]. For RTL justification and

crocode. The input/output ports, constants, registers and modulespropagation, we add another field to these parameters which des-



ignates the cycle when the particular property of a node is desired. Ky Ky kg Ky il iz 'f
Hence Cy(2) of an SCG node means that we need to control that are con 41‘/;

node to an arbitrary value in cycle 2.

We next illustrate how we can use RTL justification and prop-
agation to test module ADD3. At first, we set the requirement of

Cy(a) at the left and right inputs of ADD3 ar@,(a + 1) at its out-

put. To achievéy(a) at the left input, it is sufficient to gely(a)

at any of the registers feeding this input. Usually, we choose the
register with the lowest C-number (because it is easiest to control)
and break ties arbitrarily. Here the only choice is REG6, which is

a primary input register and hence controllable in one cycle. Only . ; ; ;
register REG2 exists at the right input. The requiremertgté) Figure 4: Case showing the necessity of a test multiplexer
at REG2 is propagated up through a module for which REG2 is li

an output. We can choose either ADD2, SUB1, or OR1. Among IN-PORT

these, we first look for a module which has registers with C-number T
1 at both its inputs (these registers must be different), or a mod-
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ule which has a register with C-number 1 at one of its inputs and address =7

a different constant register at the other input (special constants are e 71 !

required for each type of module,g.an arbitrary constant for an 16 -
adder or subtracter; 1 for a multiplier, etc.). Based on this crite- Incrementer fo2d

rion, we can choose either ADD2 or SUB1. Let us choose ADD2

arbitrarily. Then theCy(a) requirement of REG2 propagates to be- muxzjff“ >

operation
select

come the requirement€y(a — 1) of REG1 andCqy(a — 1) of REG7 1o
(this is one of the several choices; in general, we may need to back-
track and consider other choice€)y(a — 1) of REG?7 is trivial as exemal
itis a primary input registeiCy(a — 1) of REGL1 is obtainable as it reset
is fed by constant 0. We next need to propagateQje + 1) re-
quirement from REG6 at the output of module ADD3. In general, . branch_
the register with the lowest O-number is selected. For propagation ek @
from REG6, we choose a module, if possible, whose other input ROM

has either a required constant register or a register with C-number outlporT
1 and whose output has a register with O-number 0. When not pos- OUT-PORT SCG of circuit
sible, of all the modules with REG6 as an input, we add up the [ ~ o tons

minimum C-number at the other input and the minimum O-number id :m},monal jump enable

at the output and choose the module which has the lowest sum. o jump enable

We avoid propagation through the module under test to prevent the . . L . .

faulty moéoulepfrgm interferingg with the propagation. For propaga-  Figure 5: The RTL circuit of SimpleCPU and its SCG

tion from REG6, we can choose either AND1, ADD1 or ADD2. Cy(a) of REG3 is satisfied, the value may be frozen in that register
Let us choose ADD?2 arbitrarily. Hence, tRg(a + 1) requirement for one more cycle by just making its load signal 0. Hence, we now
of REG6 gets propagated &g (a +2) of REG2 andCy(a +1) of have:Cy(a +1) of REG3— Cy(a) of REG3— Cy(a — 1) of REG6
REG?7 (one of many choicesy(a +2) of REG2 andCy(a + 1) of andCp(a — 1) of REG1 (through module ADD1), ar@y(a +1)
REGT? are trivially satisfied as REG2 and REG7, respectively, are of REG1 — C4(at) of REG6 andCy(a) of REG1 (through mod-
primary output and input registers. We next assign a value of 1 to ule ADD1). The observability requirement of ADD3 translates to
the lowest symbolic cycle number and compute the rest of the cy- O,(a + 2) of REG2 which is still trivially satisfied. Now we just
cles from that. Here we assign the value of 1do-(1). Thus, we need to setq — 1) to 1 and calculate all the cycle numbers. Thus,
can obtain a test environment for ADD3. we have obtained a correct test environment for OR1.

Next we illustrate the test environment generation fardule At each step, we need to specify the Itiplexer select sig-
OR1. For this, we nee@q(a) of REG3, Cy(a) of REGL, and nals according to the path required for the flow of the test data.
Oy(a +1) of REG2. O(a +1) of REG2 is trivially satisfied (pri-  There can be conflicts during the justification and propagation
mary output register)Cq(a) of REG3 gets propagated @g(a — 1) process é.g. we might require conflicting values in a register
of REG6 andCp(a - 1) of REG1 through ADD1C4(a) of REG1 at the same cycle). In that case, we need to backtrack and ex-
gets propagated &y(a - 1) of REG6 andCoy(a — 1) of REG1 plore other options. We may also relax the requirements if a
through ADDL1. This leads to a conflict in values desired in REG6 test environment is not foundifially as explained above. Thus,
in cycle @ — 1) (since this register cannot be controlled to two arbi- Cqy(r) requirement may be relaxed ©y(r + 1). Finally, we
trary values at the same time), as well as a conflict in the operation have the option of adding a test multiplexer to solve the prob-
desired out of module ADD1 in cyclei(- 1). Hence, we relaxthe  |em, as discussed later. In our experiments, we did not target
requirement o4(a) of REG1 toCy(a + 1) of REG1. This means  registers and multiplexers specifically for test microcode gener-
we also nee@q(a + 1) of REG3 since the two parts of the test vec-  ation, as the system-level test set derived from module test sets
tor of ADD3 have to be applied simultaneously. However, once was generally sufficient to detect faults in registers and multi-
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C-number  Register O-number  Register plexers. This is because registers andltiplexers only need
3 2155, T tises four vectors for complete stuck-at fault detection. ~However,

we can also target them for test environment generation
exactly as above.
3 1 For each cycle of a test environment we need one line
n ®] of test microcode. Hence, if we directly concatenate the
test microcodes of ADD3 and OR1, we need eight lines.
However, we can do better. Suppose we need veipr
at the left(right) input of ADD3 and for OR1 correspond-
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Cycle 2 Configure input mltiplexers of ADD2 (ADD1) to add the
content of REG1 with that of REG7 (REGS6); load REG3 (REG2)
from ADD1 (ADD2); load REG6 with either vector or vectors

(it is enough to load either vector because the same test program
can be used to sequentially test each untested module; when test-
ing ADD3 (OR1) we load(s)).

Cycle 3 Configure the input mitiplexer of ADD1 to add contents

of REG1 and REGS6; load REG1 (REG6) from ADD1 (ADD3).
Cycle 4 Configure input mliplexers of ADD1 to add contents of
REG1 and REGS6; load REG2 (REG1) from OR1 (ADD1) (though
REG1 may not contain 0 in cycle 3, the fault effect from REG6 will
always be propagated through ADD1).

This sequence of four operations can be used to test both OR1
and ADD3. Hence, only four lines of test microcode are enough.
This leads us to the issue of test microcode compaction. The com-
paction technique we use here is similar to those used for test com-
paction in sequential test generation. Typically, the test microcode
obtained for an untested module has many don'’t-cares for unspec-
ified control signals. Using this initial microcode as a constraint,
test compaction techniques [8]-[10] are used to derive test environ-
ments of other untested modules. The compacted program is en-
cased in a loop to allow multiple runs with different test vectors by
adding an unconditional branch from the end to the beginning of
the program. The test architecture given ahead lets us easily exit
the loop when testing of the module is done. In the normal mode
the test program is totally bypassed, as explained later.

Sometimes, it may so happen that no amount of test microcode
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cations is shown in the figure. First, we set the branch inhibit sig-

' nal and reset the PC. Then we observe the contents of the ROM
exhaustively at OUT-PORT by stepping through all the addresses.
At each step, we need to freeze the PC in order to observe the sec-

can test a particular module. Consider the situation in Figure 4
where one port of a multiplier is fed by multiple constants only. In
such cases, we use the procedure from [5] to add a test multiplexe

ond half of the ROM output at OUT-PORT. This tests the incre-
menter and the PC exhaustively. For testing the multiplexer feed-
ling the PC, we feed the following test set, which if fed to each bit-

at the input of the mitiplier as shown.

3. Example 2: An ASIP

Figure 5 shows the RTL circuit of an ASIP named SimpleCPU,
taken from [3] and modified slightly. We can derive test environ-
ments for this circuit also. Consider the register file. From the
SCG of the circuit, the objective Sy4(a) of nodea andO,(a + 1)

of nodeb. Cy(a) of nodea is transformed tcCqy(a) of the IN-
PORT andCy(a) of nodeb (assuming we are using the adder of the
ALU). Cy(a) at the IN-PORT is trivially satisfiedC(a) of nodeb

is transformed t&(a — 1) of nodea which is in turn transformed
to Co(a — 1) at the IN-PORT (assuming we are using the multiplier
of the ALU). This is trivially satisfiable.Oy(a + 1) of nodeb is
transformed t&Cy(ax + 1) of the IN-PORT through the adder of the

slice of the multiplexer (assuming an AND-OR two-level imple-
mentation), detects all single stuck-at faults in{if1,0,0), (0,1,1),
(0,1,0), (1,0,1). Test vector (1,0,0) (corresponding to the O-input,
1-input, select) is already applied to each bit-slice of the 10-bit
multiplexer when the PC is incremented frd22 to 1023. On
reaching address 1023, we reset the branch inhibit signal and let
the PC jump back to 1023. This enables each bit-slice of thg-mu
plexer to get (0,1,1). Next, we again set the branch inhibit signal to
let PC’s content become 0. This enables each bit-slice of the mul-
tiplexer to get (0,1,0). Incrementing the PC by 1 next lets it point
to the test program and reset the branch inhibit signal. This lets the
test program take control and test the data path. At the end of the
test program we add one more jump instruction to address 1022.
(a — 1) to 1 completes the test environment for the register file. the multiplexer gets (1,0,1).

The above method is repeated for all the modules of the data The glue logic between the data path and controller need four
path and encasing of each test microcode program in a loop is donevectors to test. These translate into four different actions - execut-
as before. We also need to add some more microcode for testing thénd an unconditional jump, executing a conditional jump, not exe-
controller and the glue logic between the data path and controller. cuting a conditional jump, and testing if a jump takes place when
This is explained next. the ALU status is 1 but both the conditional jump and the uncon-

. ditional jump are disabled. These microinstructions are included in
4. Testing the controller the test program. Fault propagation through the glue logic results
Figure 6 shows the test architecture used to test the controller ofin branches being taken when they are not supposed to béend
SimpleCPU where all the added DFT hardware is shaded grey. Ap-versa The microinstructions located in the faulty address and the
plication of this test architecture to other ASPPs/ASIPs simply in- fault-free address are typically different. Even if these two microin-
volves small changes in the width of ttest configuration register  structions are the same, subsequentincrements in the PC definitely
(TCR), the output multiplexegtc. We assume one extii@st pinis results in the microinstructions becoming different in the faulty and
available. TCR stores bits needed to control various signals in the fault-free cases. Thus, the observability of these fault effects is triv-
test mode [5]. When it is reset, the normal functionality of the cir- jal. The extra AND gate (shaded) also gets tested in the above pro-
cuit is restored. In the control ROM, assuming it is non-erasable, cess. The output multiplexer and TCR are not targeted explicitly
both the test and normal programs co-exist, as shown. We place arfor testing. However, through fault simulation at the logic level, we
unconditional jump statement at address O to the beginning of thefound that they are easily and completely tested with the first few
normal program. Hence, resetting the progrararger (PC) starts vectors of the system-level test set.
the normal program. PC's content is frozen when Thstsignal
is asserted to load TCR. The three bits of TCR are connected to thed. The DFT procedure
lower-order three bits of the IN-PORT. The ALU status signal from In this section, the hierarchical testability analysis and DFT pro-
the data path is made directly observable at the primary output by cedures are formalized. At first, all the C- and O-numbers are
setting the TCR bits appropriately. Thisdene while testing the computed. The C-numbers are computed first. The C-number of
not-equal-to comparator in the ALU. a register is an indication of the register's distance from a sys-

We reserve the last two addresses of the ROM for testing the tem primary input. The procedure starts with the primary input
multiplexer feeding the PC. The test microcode written in these lo- registers whose C-numbers are, by definition, 1. C-numbers of



all other registers are initially made. It then successively ob-

tains the C-numbers of the other registers by using procedpre Table 1: Circuit size and DFT hardware statistics
date C_numbers This procedure has special cases for propagating [ Circuit bw | #lits | #ffs | #iest #lines | CPU
C-numbers from the inputs of a particular type of module to its H ‘ ‘ ‘ ‘ muxs ‘ testucode ‘ (sec) H
outputs. The different cases are required because to propagate CF ASPP1 16 | 56740 214 T 7 51
numbers across different types of modules, different requirements|| ASPP2 16 | 46251 229 2 3 65
must be met. For example, for propagating the C-number from the | ASPP3 16 [ 50435| 310 0 9 7
left input of a mutiplier to its output, the required constant at the [ ASPP4 16 | 20145]| 117 0 8 8
right input is assumed to be 1, whereas for an adder any constan éﬁanPIECPU ig ;gggg ggg 8 11835 122
suffices. It is possible that at the end of this procedure many regis- TMS320T0 16— 25900314 5 >0 3

ters with C-number ofo remain. In such cases, we identify mod-
ules which prevent propagation of C-numbers. Such a module has
a finite C-number at one of its input registers and a C-number of does the justification and propagation of the initial CVO objectives
o at some of its output registers. We add a test multiplexer with until they are satisfied. Also, there are some new CVO transforma-
an appropriate constant input to the other input port of that mod- tions which are valid here. One of themrilaxationwhich was
ule. Then we compute the C-numbers, and iterate, if necessary, un€xplained earlier. This is valid because we can freeze the value of
til each module has at least one register with a finite C-number at a register for an indefinite number of cycles once its objective is
each of its input ports. achieved. The C- and O-numbers are used to speed up the search.
Next, we compute the O-numbers. The O-number of a regis- At each step, depending on the CVO transformations employed,
ter is an indication of its distance from the primary output ports. some control signal values get fixed. This information is kept in
The main procedure starts by assigning an O-number of 0 to all @ microcode table which is updated in parallel with the CVO lists.
primary output registers andto all other registers. It then succes- There might be conflicts during the search due to conflicting value
sively obtains the O-numbers of all registers using the proceduresrequirements at a register in a particular cycle or in the microcode
Updateright_input O_numbersandUpdateleft input O_numbers requirementalso. For example, we might require two different con-
If the calculated O-number of a register in an iteration is smaller figurations of the select signals of a multiplexer tree at a particular
than its existing O-number then this new value becomes the O- cycle. In such cases, we backtrack and undo the CVO transforma-
number of the register. The main procedure terminates when thetions as well as the microcode values resulting from previous de-
O-numbers of all registers stabilize. The above two procedures try cisions. If RTAjustify & _propagatefails to generate the test en-
to propagate O-numbers from a register at the output of a moduleVvironment of a particular module, the module is appended to an
to the registers at its corresponding input ports using some specificuntestable list and later test multiplexers are added to the data path
rules. For example, if a necessary constant value is available at theto test these modules [5].
left input of a module€.g.1 for a multiplier) then the smallest O- We have assumed that the microcode is encoded in a horizontal
number among all registers connected to the output of the moduleformat here. However, the above procedure can be extended to the
is incremented by 1 and the value assigned as the O-number of allvertical format. This means that because of dependencies among
the registers connected to the right input of the module. The ratio- certain control signals, once the value of one is fixed, the values of
nale behind this method is that if the output of the module is ob- certain other signals also getfixed. This can be taken care of in pro-
servable at a primary output im cycles, then we can use the con- cedureRTAjustify_& propagateby fixing dependentsignal values

stant at its left input to observe any value at its right input inl when we fix the microcode values due to a chosen CVO transfor-
cycles. We use these C- and O-numbers to guide our search formation. For further justification and propagation, these signals are
generating test environments. taken into account to check for conflicts. The procedures for com-

Figure 7 shows the main procedure for RTL testability analy- puting the C- and O-numbers will need to be changed slightly. In
sis (RTA). The procedure takes as input the SCG of the RTL cir- those cases, once we use an edge in the SCG, some edges will dis-
cuit, the untested componentlist, the C- and O-numbers previouslyappear from the SCG due to implications from the signals corre-
computed, and a library of precomputed module test sets. It thensponding to the selected edge. Further details of the above proce-
generates the test environment for each untested module, obtainglures are available in [11].
the corresponding test microcode, and derives the system-level tesg, Experimental results
set to be applied while executing the test microcode. The initial g present experimental results obtained by apply-
objectives for justification and propagation are set up using the ing our testing scheme to five example ASPPs and two
ASIPs. The ASPPs were generated by Genesis(area)
[6], that targets area optimization. Out of these exam-
Procedure RTA(SCGR, Untested Componentlist, C- and O-numbers, sestibrary) ples, ASPP4 is as shown in Section 2. ASPP1 can ex-
ecute the behavior of different algorithms for discrete

for each modul&/ in untestedcomponent lis{ cosine transform (DCT) namelipctlee, Dctdif, and
In!t!a:!ze C,V,Olists ; es - Dctwang ASPP2 can execute the behaviors of
Initialize microcode values ; Prl andPr2 - two different algorithms that perform

?g;‘{g;w};g'r;?nbe’ﬁ?'ves"" R, CVO lists, Microcodevals, C- and O-numbers) ; rotation-based DCT. ASPP3 can execute the behaviors

= RTA_justify_& _propagateR, CVO lists, Microcodevals, C- and O-numbers)|; Of three filters -Elliptic (fifth-order elliptic wave fil-

if (Testenvironment ) ter), ChemicalandDist (IR filters used in theridus-
Generatgestvectors(Tesenvironment, test set foul) ; try). ASPP5 can execute the behaviorsBaindpass
else - LowpassandBandstofilters. The ASIPSimpleCPU
retﬁ‘r’rf’e(g?]t'\e"stt% Hg}sef;abmst has been discussed in Section 3. TH¢S32010de-

} ’ sign was taken from [12] and is a multiplexer-based

implementation of the architecture from Texas Instru-
ments. The data paths were optimized at the logic

; . ; i ; level using SIS [13]. They were then technology-
Figure 7: Main procedure for RTL testability analysis mapped with thestdcell22.genliblibrary. The instruction ROMs
lowest C- and O-numbers at the inputs and output of the untestedwere generated using the ALLIANCE synthesis system [14] and
module in procedur8etupinitial _objectiveswhich returns a CvVO scaled down to the data path technology to get the complete area
(controllability, observability, and verifiability) list. This has CVO and delay figures of the circuits.
objectives for each cycle that need to be met to get the test envi- Table 1 shows the size and DFT hardware statistics of the cir-
ronment for the untested modulRTA justify_& _propagateoutine cuits obtained. In Columns 2, 3 and 4 the bit-width, literaitat,




Table 2: DFT hardware placement overheads

simulating our system-level test sets on the modified circuit using
PROOFS [16]. It can be seen that very high fault coverage are ob-
tainable by our method while the CPU time required is about three
orders of magnitude lower than that of HITEC for the modified cir-
cuits. Our DFT modifications also aided HITEC in its test genera-
tion as is clear from the results.

7. Conclusions

In this paper, we introduced an efficient and practical DFT scheme
that can be applied to programmable data paths like ASPPs and
ASIPs. Our method exploits the inherent programmability of these
types of circuits and produces test microcode through an RTL testa-
bility analysis. The test microcode helps test otherwise untested
modules by dictating a new data/control flow which is used to jus-
tify precomputed test sets of the modules from the system primary
inputs to the module inputs and propagate test responses from the
module outputs to the system primary outputs. When this tech-
nique is insufficient to test some modules, some tedtiphexers

are added to the data path as a last resort. However, this scheme is
guaranteed to test all modules in the data path. We also devised a
scheme to test the controller of these circuits completely. The ad-
vantages of this technique are (i) low area overheads and negligible
delay overheads, (ii) high fault coverage, (iijaut three orders of
magnitude smaller test generation time compared to gate-level se-

Area Delay
Circuit orig. Mod. Ovhd. | Orig. [ Mod. | Ovhd.
‘ (%) (ns) | (ns) | (%) ‘
ASPP1 607297] 615851 1.4 119.6 | 119.8 0.2
ASPP2 529076 | 540712 2.2 122.3| 1225 0.2
ASPP3 588628 | 604964 2.8 118.1| 118.2 0.1
ASPP4 212732| 215576 1.3 116.2 | 116.3 0.1
ASPP5 333627 348976 4.6 118.1] 118.2 0.1
SimpleCPU | 253419| 268475 5.9 135.1 | 136.4 1.0
TMS32010 | 284126 300605| 5.8 85.2 86.4 14
Table 3: Testability results
HITEC Our Method
Orig. CKkt. Mod. Ckt. Mod. Ckt.

Circuit FCov. [ TGen. | FCov. [ TGen.| FCov. | TGen.
(%) (sec) (%) (sec) (%) (sec)
ASPP1 20.51 | 188711 76.82 | 67581 ] 99.89 57
ASPP2 7551 | 334313 87.65| 79550 | 99.82 52
ASPP3 15.62 | 163413 | 80.90 | 69807 | 99.69 76
ASPP4 93.45] 20925 | 99.45] 19786 | 99.92 24
ASPP5 53.24 | 120381 | 87.72 | 75836 ] 99.61 96
SimpleCPU | 77.82 | 42654 | 98.93 | 20354 | 99.67 13
TMS32010 | 73.56 | 68976 | 99.25 [ 21892 | 99.72 16

guential test generation, and (iv) at-speed testability.

and number of flip-flops of the circuits are given, respectively. The References

number of test multiplexers used in the data path of the circuit is
given in Column 5. This number does not include the multiplex-

ers used for testing the controller. Column 6 shows the number of
lines of test microcode required to test the circuits. If the instruc-

tion ROM is erasable, then these lines may be erased once the cir- 2]

cuit is tested. In that case, the overheads will be much lower. In
Column 7, the CPU time required for the DFT hardware addition
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