Chapter 3
Proposed Approaches

High-level built-in self-test (BIST) synthesis systems target to generate data paths and
controllers with BIST capability. The assignments of system registers, interconnections, and
BIST registers greatly affect resultant built-in self-testable data paths. To reduce the complexity
involved in the assignment process, in genera, the three tasks are performed separately and
heuristics are applied to each task to reduce BIST overhead.

We have developed three methods for high-level BIST synthesis. The first method is
based on a heuristic that allocates signature registers first to achieve k-test session and then
shares the signature registers with other registers [40]. The second one employs an integer linear
program (ILP) approach that gives optimal solutions in terms of BIST area overhead, but the
processing time is long [41]. The third method aims to reduce the processing time based on a
heuristic. It divides a given DFG into smaller regions and then applies ILP formulation to the
regions successively [42]. The three methods are described in detail in this chapter.

3.1 Heuristic Based Approach

In general, the area overhead and the test time are traded in BIST. However, an approach
that aims to achieve one objective, either minimal area overhead or shortest testing time, while
ignoring the other one, may direct the design toward one extreme. As a result, the approach does
not explore awide range of design space to yield a non-optimal design.

In this section, we present our method that is intended to correct the problem. Our
method is concerned with register assignment to embed the parallel BIST structure for a given
data flow graph in which scheduling and module assignment have been completed. To explore a

large design space, our method tries to find an optimal register assignment for each k-test
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session, where k = 1, 2, ..., N. A register assignment for a k-test session guarantees that the
synthesized circuit can be tested in k-test session. Therefore, our method offers a range of
designs with different figures of merit in area and test time, and it enables a designer to select an
appropriate design for his/her needs.

3.1.1 Overdl Approach

The key idea of our approach is to explore a large design space by considering al the
possible test sessions. The upper bound of the number of possible test sessions is equal to the
total number of modules, N, which is usually small enough to make our method computationally
tractable. Our method tries to find an optimal register assignment (which incurs the least area
overhead) for each test session k, where k=1,2, ..., N. To find an optimal register assignment for
each test session is computationaly intensive. As stated in Section 2.1.2, we explained that
alocation of signature registers, not test pattern generators, determines the number of test
sessions. Thus, we consider the alocation of only signature registers in the first phase. Our
method merges output variables (which are candidates of signature registers) to achieve a k-test
session. In the next phase, our method merges the remaining variables (input variables and
unallocated output variables) to maximize sharing of the allocated signature registers with other
registers. After the entire signature registers are alocated and possibly shared with other
registers, our method identifies candidate registers for test pattern generators and optimizes the
design to reduce multiplexers and interconnections.

Our approach, which allocates signature registers first to achieve k-test session and then
shares the signature registers with other registers, makes the procedure computationally ssimple,

yet effective (as indicated by our experimental results to be given at Chapter V).

3.1.2 Source and Destination Module
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In this section, we define source and destination modules that are used in the heuristic
based approach. Suppose that a set of variables{v1, v, v3, ...} isassigned to register R;. Register
R; can be considered as a set whose elements are vy, Vo, Vs, ..., i.e, Ri={Vv1, v, v3,...}. We define

the following two terms on register R;.

Definition: The set of source modules for register R;, denoted as SM(R)), is the collection of
source modules of the variables assigned to R;, i.e,, SM(R))={ SM(v1), SM(V2), SM(V3)...}. The
number of source modules of R; is|SM(R;)|, where |§] is the cardinality of aset S.

Definition: The set of destination modules for register R, denoted as DM(R)), is defined as
{DM(v1), DM(v2), DM(V3)...}. The number of destination modulesfor R; is [(DM(R;) [

The terms are illustrated for the following register assignments of the variablesin Fig. 3.1
(a). (Note that it is aminimum clique partition.)

R:={ad,h}, R={b,e,g}, and Rs={c,f}.
The resultant data path logic under the register assignment is given in Fig. 3.1 (b). For the
register assignment of Ry, SM(R2)={ SM(b), SM(€), SM(9)}={M1, M2}, and DM(R;) ={DM(b),

DM(e), Dl\/l(g)}Z{l\/Il,l\/Il,|\/|2,|\/|3}={|V|1,|\/|2,|\/|3}.
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Figure. 3.1 Example data flow graph and its data path
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3.1.3 Phase | Allocation of Signature Registers

The given design for our method is a data flow graph in which the process for scheduling
and module assignment has been finished. The task in Phase | isto allocate signature registers to
modules, so that all the modules can be tested in k-test session. Let us suppose that there are N
modules, M1, M,, and My, for the data flow graph under consideration. Let Sz be a set of
signature registers for the circuit. Necessary conditions for an optimal assignment of signature

registers to achieve k-test session are given below.

(i) USMR) ={MpM3,.My}.
RiUSg

(if) ASMR)=0.
RiOSgr

(i) OR OSg, |MR) < k.

The first condition specifies the coverage of all the modules. The second one states only one
signature register be assigned to each module. (Assignment of multiple signature registers to a
module is not optimal.) All the source modules of a signature register R, i.e., SM(R)), share the
same signature register Ri. Hence, they should be tested in different sub-test sessions to
necessitate the third condition.

Allocation of signature registers is the process of merging output variables and of
assigning registers to merged output variables, while meeting the three conditions described
above. The goa of the allocation is to allocate the least number of signature registers with the
least number of output variables assigned for each register. The intention of assigning the least
number of output variables to each register is to increase the number of the unassigned output

variables, which may be shared with other variables in Phase Il. Thus, two output variables with
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the same source module should not be merged and assigned to the same register in this phase.

The condition is specified in the following:
(iv) OuvOR,if u zv, SM(u) Z SM(v).

We use the compatibility graphs of output variables to identify candidate output variables
for possible mergers. A clique of an output compatibility graph indicates that the variables of the
clique can be merged. In order to achieve k-test session, the clique size of each clique should not
exceed k. (Refer to condition (iii).) In addition, a clique should not include any two variables
with an identical source module. (Refer to condition (iv).) We illustrate the process using an
example data flow graph.

Consider the data flow graph given in Fig. 3.2(a). The three operators, +, *, and /, are
binded to M4, M, and M3, respectively. The incompatibility and compatibility graphs of output
variables and their associated source modules are shown in Fig. 3.2(b) and Fig. 3.2(c),
respectively.

From the compatibility graph of the output variables in Fig. 3.2(c), we look for cliques
with size k for a k-test session, but any two vertices of a clique should not have the same module
(refer to condition (iv)). For k=1, each vertex is a clique. Hence, there are four cliques, {d}, { €},
{f}, and {g}. For a 2-test session, i.e., k=2, there are {d,e}, {df}, {eg}, and {f,g}. When k is
three, there is no such clique. Note that the cliques {d,e,g} and {d,f,g} have two vertices, d and
0, whose source module is the same. This means that a 3-test session is not optimal for the
circuit. This can readily be seen from the incompatibility graph in Fig. 3.2(b). The maximum
clique size of the graph is two. Hence, there are at least two signature registers available for the
circuit. Clearly, testing three modules in three test sessions is not optimal when two signature

registers are available.
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Fig. 3.2. A dataflow graph with modul e assignment

If there are multiple candidate cliques for a k-test session, we choose a clique arbitrarily.
Then the chosen clique and all the edges connected to the clique are removed from the graph. All
the vertices (i.e., nodes) whose source modules have been covered by the selected clique and the
associated edges of the vertices are aso removed. We repeat the procedure for the resultant
graph until all the modules are covered. It should be noted that if a clique of size k is not present
for aresultant graph, a cligue with the next candidate clique should be chosen. This procedure is
Illustrated in the following.

For the previous example with k=2, al four cliques, {d,e}, {d.,f}, {eg}, and {f,g}, have
the same number (one) of common neighbors. Suppose we choose clique {d,e}. The clique and
al the associated edges, d-f, d-g, and e-g, are removed. As module M1 is covered by clique
{d,e}, we also remove vertex g and its associated edge, f-g. Thus, the resultant graph has only
vertex f. Vertex f is selected to cover M3 in the next process. All possible mergers for the data

graph aregivenin Table 3.1.
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The output variables of a group® (denoted as a circle) in Table 3.1 are merged (possibly
with other input and output variables in Phase Il) and assigned to a signature register. The
number of groups for a merger is the number of signature registers to be allocated. For example,
amerger {d,e} and {f} for k=2 results in the alocation of two signature registers. The source
modules of the variables in a group are tested sequentially using the same register. However,
they can be tested simultaneously with source modules of the variables belonging to a different
group. For example, source module M; of variable d and M, of variable e for Merger | under k=2
are tested sequentially, but either M1 or M, can be tested simultaneously with module M3 of

variablef.

Table 3.1. Possible optimal mergers for the data flow graph in Fig. 3.1(a)

k Merger | Merger I Merger Il Merger IV

1 | QOO 00O
AICONONICPEONICPEONICPEO)

3.1.4 Phase |1: Sharing of Signature Registers with Other Registers

In Phase II, we merge the output variables identified in Phase | with the remaining
compatibility graph of input and output variables of the data flow graph. Two steps are involved
in Phase Il. First, al output variables of each group identified in Phase | are merged. Next, the
merged output variables are further merged with other variables. When two compatible variables
(i.e, vertices), X and Y, are merged, all the non-common edges of the subgraph {X,Y} should be
deleted. Thisistrue for mergers of more than two variables.

3.1.4.1 Merger of Output Variables

. Group and clique are the same and are used interchangeably.
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This process starts with merging all variables of each group identified in Phase I. All non-
common edges of each group are deleted. In order to intact a signature register assigned to each
group, output variables of a group should not be merged with the variables of another group. It
necessitates removal of all the edges between the groups.

We illustrate the process using the data flow graph in Fig. 3.2(a). Suppose that we have
chosen Merger | for k=2 in Table 3.1. The groups of output vertices to be merged are {d,e} and
{f}. (In fact, group {f} has one vertex and no need for merging.) The compatibility graph of the
data flow is shown in Fig. 3.3(a). Note that delayed variable b is split into two variables, by and
b;. As vertices d and e are merged, three non-common edges, c-e, b;-e, and f-d, are removed.
Then all the edges between the two groups {d,e} and {f} are deleted. Edge d-f is deleted (In fact,
it has already been deleted.). The resultant compatibility graph of variables is shown in Fig.
3.3(b). Thefilled circles in the figure denote variables assigned to signature registers.
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Fig. 3.3. Compatibility graphs before and after the merger

3.1.4.2 Merger of Remaining Variables

After the output variables for a k-test session are merged, al the remaining compatible
vertices (i.e., input and output variables) are to be merged. The goal of the merger isto minimize
the number of resultant vertices in the graph, equivalently the number of alocated registers. The

process is minimum clique partition. A minimum clique partition is NP-complete, and, hence, a



heuristic is necessary for the process. In our case, if there are multiple minimum clique
partitions, we need to select a partition, which is likely to incur the least area overhead. (Note
that al partitions require k-test session.) In the following, we describe guidelines, which aim to
lead the process toward a minimum clique partition and for the |east area overhead.

Our method is to merge a pair of compatible vertices iteratively until no further merger is
possible. The guidelines to choose a pair of compatible vertices to be merged are given in order
of descending priority. A guideline i is applied only when its immediate guideline i-1
(equivalently al the previous guidelines) is tied. The guidelines are illustrated for the
compatibility graph in Fig. 3.3(b). The first two guidelines aim to reduce the total number of
registers for the circuit by sharing as many variables as possible. The rest of the guidelines are
for the reduction of test registers and/or associated hardware, specifically multiplexers and

interconnections.

Guideline 1: Choose a pair with the largest number of common neighbors.

This guideline aims to merge a pair of vertices which belong to a maximum clique of the
graph. As an illustration, the number of common neighbors for each compatible pair for the
compatibility graph Fig. 3.3(b) isgivenin Table 3.2.

The largest number of common neighbors are four for three pairs of vertices, {ag},
{bo,g} and {f,g}. The three pairs of vertices belong to maximum cliques, {a,c,f,g}, {abi,f,g} and
{bo,c,f,g} of the graph. Asthethree pairs aretied, guideline 2 is used to break thetie.
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Table 3.2: The number of common neighbors for the
graphin Fig. 3.3(b)

Compatible | Common No. of
vertex pair neighbors common
neighbors
{ac} f, g 2
{a de} g 1
{ab} f, g 2
{af} c, by, g 3
{a,g} c,de by, f 4
{ bo,0} c,de by, f 4
{f.g} a bo, ¢, by 4

Guideline 2: Choose a pair with the least number of non-common edges.

When a pair of vertices are merged, all the non-common edges of the pair of vertices are
deleted. Guideline 2 selects a pair whose merger deletes the least number of edges from the
graph. This means that the merger of the two vertices minimally decreases the chances for
further mergers. In the example graph, the merger of {a,g} deletes edge bg-g, the merger of
{bo,g} deletes edge a-g and the merger of {f,g} deletes edge g-de. All three mergers delete only

one vertex. Hence, guideline 3 is used to break thetie.

Guideline 3: Choose a pair which is split from the same variable.

As described in Section 2.4, if a variable spans a number of control steps, then it is split
into each control step to yield a more flexible register assignment at the cost of additional
multiplexers. At this stage, the split of a variable is not useful. Hence, it is merged back to the
same variable. For the three candidate pairs, no two vertices of a pair are split from the same

variable.
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Guideline 4: Choose a pair based on the number of destination modules.

This guideline is concerned with test pattern generators. First, choose a pair such that
neither of its vertices is assigned to a signature register. Among multiple such pairs, choose a
pair with the largest number of destination modules. This guideline aims to reduce the number of
test pattern generators (TPGs) through the sharing of a TPG with multiple modules.

Second, if a variable of every pair is assigned to a signature register, choose a pair with
the smallest number of destination modules. This guideline tries to minimize the likelihood of
the register to be reconfigured as BILBO or CBILBO.

In the previous example, only two pairs {a,g} and {bo,g} include variables not assigned
to a signature register. Since the number of destination modules for each pair is one, i.e,
IDM(a,g)| = [IDM(bo,g)| = 1, the next guideline is applied.

Guideline 5: Choose a pair with the smallest number of source modules.

Since a signature register is assigned to each module in Phase I, there is no need for
further sharing of output registers at this stage. This guideline aims to reduce the number of
multiplexers by reducing the sharing of output registers. In the previous example, both the pairs,
{a,g} and {bo,g}, have one source module, M3. Hence, vertex pair {a,g} is chosen arbitrarily and
merged. The resultant graph is shown in Fig. 3.4. The above procedure repeats for the resultant
graph to merge the next pair of vertices.

ag bg
f c
bl de
Fig. 3.4. Merger of verticesaand g

57



3.1.5 Post Processing

After all the registers are assigned through Phase | and Phase II, we identify TPGs. It is
always possible to allocate TPGs for each module by reconfiguring assigned registers or by
sharing existing TPGs between different modules. (Note that a TPG is not shared between two
inputs of the same module to avoid low fault coverage.) A signature register is converted into a
BILBO if it should be a TPG in a different sub-test session, or into a CBILBO if it should be a
TPG in the same sub-test session.

When all TPGs are allocated, we try to minimize multiplexers and interconnections using
the methods suggested in [56]. The methods include exchanging input ports and rearranging

multiplexers.
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3.2 ILP Based Approach

Our method is concerned with register and interconnection assignments to embed the
paralel BIST structure for a given DFG in which scheduling and module assignment have been
completed. The proposed ILP formulations are for BIST register and interconnection
assignments. The BIST register assignment includes system register assignment since any
register that is not assigned to a BIST register (such as SR, TPG, BILBO, and CBILBO) should
be a system register. The ILP formulations are solved to minimize an objective function for each
k-test session, in our case hardware areain terms of the number of transistors.

While existing BIST synthesis methods perform system register assignments, BIST
register assignments, and interconnection assignments sequentially (at the cost of global
optimality), our method performs the three assignment tasks concurrently through exhaustive
search. Hence, our method finds an optimal (in area) BIST design for each k-test session where k
is1, 2,...N and N is the number of modules of the DFG. In other words, our method generates N
optimal BIST designs, where each design tests the entire modules in k sub-test sessions.

In the following, we present ILP formulations for BIST register assignments and
interconnection assignments, multiplexer assignments, which are derived directly from
interconnection assignments. We also describe the objective function for our ILP model and

discuss a method to reduce the search space.

3.2.1 Interconnection Assignment

Interconnections are not assigned explicitly but are determined directly from register (and
module) assignments. In this section, we describe constraints for register assignments in
perspective of interconnections.

One of the constraints for the proposed BIST synthesisis not to add extra paths dedicated
for testing. (Refer to Section 2.1.2.) A straightforward minimization of a cost function may
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create adverse paths in the synthesized data path. In order to prevent such adverse paths, it is
necessary to impose some constraints as described below.

An interconnection from a register r to an input port | of a module mis alowed (if and)
only if there exists an edge between at least one variable v assigned to the register and at least

one operation o assigned to the module. In other words, a binary variablez,y is 1 only if thereis

at least one edge (v, 0, 1) CE' in the DFG such that v is assigned to r and ois assigned to m. Using
an auxiliary binary variable z,,y , the condition can be formulated as follows for non-

commutative modul es.

> Zyroml ~ Zrmi 20, OrOR,mOM, 1001 (m) (3.1)
vivY,ov ©
X + Xom =2 From 20, Or ORmMOM, (v,0,1) OE' (3.2)

Upon z,y =1, Eq. (3.1) requires at least one auxiliary binary variable z,oy to be 1. From Eq.
(3.2), the auxiliary variable can be 1 only if x, =1,Xym =1, and (v, o, |) OE'. Therefore, the

two equations guarantee the existence of an edge between the variable v and the input port | of

the operation o if z,,=1. It should be noted that the replacement of the auxiliary variable
Zyrom 1N EQ. (3.1) with z.y as shown in Eq. (3.2) fails work, since it requires every variable v
and every operation o of an edge (v, o, 1) OE' to be assigned to r and m, respectively.

X +Xom =2 =0, Or ORMOM, (v,0,1) O E' (3.3)

If a module is commutative, we should consider the mapping between the pseudoinput
port I* to the input port |. Hence, Eq. (3.3) should replace Eq. (3.1) for acommutative operation.

Xor + Xom * %1 0 ~3Zyrom 20, Or ORMOM, I 01(0),(v,0,1*) O E! (34)
Similarly, if there is an interconnection from a module m to a register r, i.e., z, =1, the

following formulas guarantee the existence of an edge from an operation o to a variable v such
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that o and v are assigned to m and r, respectively. In the formulas, zy,, is an auxiliary binary

variable.
S Zomr ~ Zmr 20, OmMOM,rOR (3.5)
ove, vivVY
Xom *+ ¥ur —2Zomyr 20, OmMOM,r OR,(o,v) DE° (3.6)

3.2.2 Multiplexer Assignment

Like interconnections, multiplexers are not assigned explicitly but are implied through
the register assignments. We describe identification of multiplexer sizes for registers and
modulesin the following.

Let an integer variable m represent the number of wires connected to an input of a
register r. In other words, the variable represents the number of the multiplexer inputs attached at

the input of aregister r. Similarly, an integer variable my represents the size of the multiplexer

attached to an input port | of amodule m. The processisformulated in (3.7) and (3.8).

> Zgy =My, OrR (3.7)
M

Y Zrmi =My, OmOM,101(m) (3.8)
rrR

Two binary variables, m, and m,, are used to tally the total number of n-input
multiplexersin Section 3.2.5. A binary variable m,, isset to 1 if the input of aregister r requires
an n-input multiplexer. A binary variable my,y is set to 1 if an input port | of a module m

requires an n-input multiplexer. The following two formulas take care of the setting.

S my =1 OrOR (3.9)
n

> My =1 OmOM,101(m) (3.20)
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3.2.3 BIST Register Assignment

The proposed method tries to find an optimal BIST circuit for each k-test session. Two
notations are used in the subsection. A variable p labels a sub-test session (which tests a subset of
modules) performed during a k-test session, wherep = 1, 2, ...k. A setK is defined as the set of
sub-test sessions, which is {1, 2,k}.for a k-test session. We present ILP formulas for BIST
register assignments in the following.

Consider goartial data path given in Fig. 3.5. It has two modules, M3 and M4. So the
data path, when registers are properly reconfigured for BIST, can be tested in one test session or

two test sessions. $6={1} for the 1-test session, arld={1,2} for the 2-test session.

Figure 3.5 A partial data path for an SR
3.2.3.1 SR Assignment

In this subsection, we formulate the assignment of SRs for our ILP nfddekamples

given in this subsection refer to the data path in Fig. 3.5. A binary variable,y is 1 only if a

registerr is reconfigured as the SR for a modutein a p sub-test session. Otherwise, the
variable is 0. A register, when reconfigured to an SR, can test a modutmly if there is an
interconnection from the modula and the register. Hence, the following condition should
hold.

pOK

62



We illustrate for the case of the two-test session, in which K={1, 2}. There are eight
Smrp Variables (i.e., sz0.1, w01, Ss11, aNdsq1a for p=1 and sz2, w02, Ss1,2, aNd sy for p=2) to
be considered. Among the eight variables, the above equation sets two variables, s41.1, and S41 2,
to 0 since z,, =0. In other words, register R1 cannot be reconfigured as an SR for module M4 in
either sub-test session.

The next condition is that each module should be tested only once in a sub-test session p
during the entire k-test session. Thus,

>  Smp=1 O0OmOM (3.12)
riR, pK

From Eq. (3.12), the following set of equations are obtained for module M3 and module M4.
S301 tS311t S3o2t S312=1
S101+tS402=1
Finally, although an SR may be shared by several modules during testing, it should not be

shared in the same sub-test session. Hence,

> Smp<l OrR pOK (3.13)
MM

For register RO under the two-test session, Eq. (3.13) yields 30,1 + S401 < 1 for p=1 and sz, +
S402< 1for p=2.
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3.2.3.2 TPG Assignment

In this subsection, we formulate the assignment of TPGs. All the illustrations given in
this subsection refer to Fig. 3.6. Note that the data path can be tested in a 1-test session or a 2-

test session.

TPG [ RO | TPG[ R1 | TPG[ R2 |

RS RE

Figure 3.6 A partial data path for a TPG

A binary variable t;qy, is1only if aregister r isthe TPG for an input port | of amodule

min a p sub-test session. As for the case of the SR assignment, a TPG needs a connection from
the register and the input of the module. Each input port of a module mneeds only one TPG for
the entire k-test session. The following two equations specify them.

zrml—;tmpzo, OrOR, mOM, 101(m) (3.14)
p
S tmp =L0mOM, [ T1(m) (3.15)
riRr, poK

From Eq. (3.14), we need to consider only ten variables, to30.1, t1311, t14,01, 12311, andta 411 for
p:1 and t0302 , 11312 , l1402 , 12312, and t241,2 for p:2, for the data path. All other blnary
variables t;yp are set to 0 due to the lack of interconnections. Eq. (3.15) yields the following
equations for module M 3: to301 +tlo302=1 and t1311+t 113120+ 1to311+1t312=1.

All TPGs assigned to the inputs of a module and the SR of the module should be activein

the same sub-test session as specified below.



z trmOp - z trmlp =0, OmOM, pOK (3.16)
rdR

ror
> Smrp~ 2 trmop =0, UmMUM, pUK (3.17)
rrR rR

For example, to301— (t1311+ t2311) = 0 for module M3 undegr=1 from Eq. (3.16), and
S301 + S311 -tozo1 =0 from Eq. (3.17).
Finally, a TPG should not be shared between the two input ports of a module. This

requirement is necessary to achieve high fault coverage. Thus,

trmop +trmip <1 OrOR, mOM, pOK (3.18)

3.2.3.3BILBO and CBILBO Assignment

To formulate the BILBO and CBILBO assignment, we need to define a binary vatiable
A binary variablex is 1 wheny; x; is at least 1 and is O otherwise wheris a binary variable. In

other words, the variabbeis the OR operation of afis. A variableX is formulated as follows.

X k-3 x 20, wherex; isaconstant equal to the number of x;'s. (3.19)
i

For example, lex;, i=1, 2, 3 have valueg=0, x;=1, andxs=0. Then,¥ is 3, and}; % is 1. The

variablex should be 1 to satisfy Eq. (3.19)is the 0 only if alls are 0.

We describe a condition that requires a register be reconfigured into a BILBO or a
CBILBO first. Then, we elaborate the case where the register should be reconfigured into only a
CBILBO. A binary variable t; () is 1 only when aregister r isused asa TPG (an SR) in at least
one sub-test session. If both t; and s are 1, then the register r should be reconfigured into a
BILBO or a CBILBO. Eg. (3.20) determines if a register r is used as a TPG, and Eq. (3.21)
determines if it is used as an SR. Only if the register is used as a TPG and an SR, a binary
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variable by is set to 1 due to (3.22) and (3.23). Hence, by =1 indicates that the register r should be
reconfigured into either aBILBO or a CBILBO.

O, - 3 trmp 20, Or OR (3.20)
P mOM 1001 (m), poOK
Sp® - Y Swp20 OrOR (3.21)
mOM , pOK
s+t -b <1, OrOR (3.22)
s+t -2, 20, OrOR (3.23)

In the above, we identified the case where a register should be a BILBO or a CBILBO.
We refine the case next. If aregister is used as a TPG and an SR in the same sub-test session p,
the register should be reconfigured as a CBILBO. Otherwise, it should be a BILBO. Firgt, let us
check the case for a TPG. A binary variable t,, is 1 if aregister r is used as a TPG in a sub-test
session p and is O otherwise. It isformulated as

mip Eﬂrp - trmlp >0, Ur R, pUOK. (3.24)
mOM, 101 (m)

Note that a binary variable t;ny, isset to 1 only if aregister r isthe TPG for aninput port | of a

module min a p sub-test session. Hence, Eq. (3.24) sets the binary variable t, to 1 if aregister r
isaTPG of any module in a sub-test session p.
Next, let us check the case for an SR. A binary variable s is 1 if aregister r isused as an

SR in asub-test session p and is 0 otherwise. The formulation is

Smrp Brp — 5 smp 2 0, OrOR pOK. (3.25)
m

Note that a binary variable sy, is 1 only if aregister r is used asthe SR for amodule min the p

sub-test session. Hence, Eq. (3.25) sets the binary variable s, to 1 if aregister r isused as an SR

for any module in a sub-test session p.
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EQ. (3.26) and (3.27) sets a binary variable ¢,y to 1 only if t;=1 and s,=1. In other words,
Cpislonly if aregister r is reconfigured into a TPG and an SR in the same sub-test session p.
Hence, the register should be reconfigured into a CBILBO. Finally, a binary variable ¢, is set to
1 due to Eq. (3.28) if there is at least one sub-test session which requires a register r to be
reconfigured as a CBILBO. This implies that the register r should be a BILBO if ¢;, =0 (under by
=1).

Srp ttp ~Crp <0, UrOR pUK (3.26)

Sp ttp — 20 20, UrR pUK (3.27)

Cplty — Y Cp20, 0OrR (3.28)
pUK

3.2.4 Constants

Coefficients (such as in digital filters or signa processing applications) are usually
constants. An operation in a DFG may receive constant values on an input port. If an input port
of amodule is connected to only one constant, it is usually hardwired to necessary constant logic
values. The hardwired input port is resolved into the logic during the optimization process of a
logic synthesis. So it is unnecessary to connect a TPG for the input port.

However, if an input port receives more than one constant, the input port is unlikely to be
removed during the logic synthesis. Since the input port is not connected to any variable in the
DFG, thereis no register to be reconfigured into a TPG for the input port. To achieve a high fault
coverage, it is necessary to add an extra TPG to the input port or to add an extra path to an
existing TPG. Therefore, a case in which an input port is connected to only constants should be

avoided in the assignment processif possible.
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To avoid such a case, we introduce a new binary variable t§m|p . Thevariableis 1 only if

a constant ¢ needs to be reconfigured into a TPG for an input port | of amodule min a p sub-test

session. Thus, previous Egs. (3.14) through (3.17) need to be modified as follows:

Zem — S t%mip 20, O cOC,mOM,IO1(m) (3.14)
pUK
S tmpt  YtScmp=10mOM,I01(m) (3.15)
roR, pOK clC, pOK
S trmop + S t%mop = 3 tmap = ¥ tSemip =0, OMOM, pOK (3.16)
rbr cC rbr ccC
S Smp= Y trmop =~ Y tSrmop =0, OMOM, pOK (3.17)
rirR riR cC

By assigning a high cost in setting t§m|p to 1, the case can be avoided if possible.

3.2.5 Objective Function

The objective of an ILP is to minimize an objective function, i.e., cost function, for the
ILP formulations. The cost function to be minimized for the proposed ILP model represents
hardware area (in terms of transistor count) and is given below.

where Ny, Ng, Ni, Np, N¢,and Ny, - are the number of system registers, SRs, TPGs, BILBOs,
CBILBOs, and n-input multiplexers, respectively. A variabIeNtc is the number of constants that
should be reconfigured into TPGs. Weights, w,,w,w,,w,,andw,, are the number of transistors

for the corresponding hardware. The weight W isthe cost for constants. We assign W a large
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number greater than any other weight to avoid, if possible, the case in which a port needs an
extra TPG or an extrawire to an existing TPG.

To compute the value (cost) of the objective function, it is necessary to compute the
number of individual registers, BIST registers, and multiplexers. They are readily calculated by

summing up the related binary variables as shown below:

* Number of CBILBOs: N¢ = Y ¢, (3.29)
rirR
* Number of BILBOs: N = S by = N¢ (3.30)
rorR
¢ Numberof SRsNg= Y 5 =N - Ny (3.31)
ror
¢ Number of TPGs:N; = St =N = Ny (3.32)
rir

*  Number of unconfigured system registers: N, = Ny = ( N+ N, + N, + N,) (3.33)
where N represents the minimum number of registers necessary for the given DFG.

*  Number of constant to be reconfigured as TPG: N © = Ztccmlp (3.34)
dC,nM 10 (m), pOK

* Number of n-input multiplexer: Ny, - = S Mym + > My (3.35)
mOM,, 101 (m) rdR

Note that the summation of b, variablesin Eq. (3.30) includes the number of CBILBOs,
N¢. Thus, N.is subtracted from the summation in Eq. (3.29). When summing s, and t,

variables in Eq. (3.31) and Eqg. (3.32), the numbers of CBILBOs and of BILBOs are aso
counted. Therefore, the two numbers are subtracted in the according equations.

3.2.6 Reduction of the Search Space

An ILP alows one to describe the problem formally and to obtain an optimal solution.

However, an ILP method can be applied to small or medium range problems since the
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complexity of an ILP problem grows rapidly with the problem size. Hence, it is often necessary
to employ a measure to reduce the problem size, equivalently the search space. We describe our
method for the reduction of the search space for the proposed ILP model.

A register assignment in high-level synthesisis to assign a subset of compatible variables
into aregister. Therefore, n incompatible variables are assigned to n different registers. Consider
two incompatible variables, v; and v;, and two registers, R and R. There are two possible register
assignments, (vi - Ry, Vi »R) and (v - R, vj - R). The two assignments are isomorphic for our
ILP model. Hence, an arbitrary selection of the two assignments does not affect the quality of the
solution, but it reduces the search space by half. For the case of n incompatible variables, an
arbitrary assignment of the variables into n registers reduces the search space by n!.

We employ the above method for our ILP model to reduce the search space. We scan
each control step to identify the maximal horizontal crossing of the DFG. Then we assign all the
variables (that are incompatible) on the control step to registers arbitrarily. The method is simple

yet highly effective.
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3.3 Region-Wise ILP Based Approach

In this section, we present ILP formulation for high-level BIST synthesis that implements
our proposed region-wise optimal heuristic. Our method is concerned with shortening the

processing time of the ILP approach presented in the previous section.
3.3.1 Motivation and Overall Procedure

Existing BIST synthesis methods perform three tasks, system register assignment,
interconnection assignment, and BIST register assignment, sequentially (at the cost of global
optimality). Our method based on an ILP [41] performs the three assignment tasks concurrently
to yield optimal design. However, our ILP method involves a long processing time due to the
inherent characteristic of an ILP exhaustive search. Hence, it is limited to small and medium size
problems and we proposed a heuristic to address the problem. The heuristic first divides a given
DFG into smaller regions and then applies ILP formulation to the regions successively. As our
heuristic divides the problem space into smaller pieces, it reduces the overall processing time at
the cost of the sub-optimal solution.

The BIST synthesis process considered in this thesis is in essence register assignment.
Consider (i+)) variables to be assigned to k registers. The total number of possible assignmentsis
K" of which some assignments are illegal or isomorphic. Suppose that we divide the variables
into two groups with i variables for one group and j variables for the other group. Let us assign
thei variables of the group to k registers first and then assign the j variables of the other group to
the same k registers. In this case, the total number of assignments is reduced to k'+k/, which, in
turn, results in a shorter processing time. The proposed heuristic is to partition variables into
smaller groups and to serially assign variables in each group.

The remaining issue is how to partition variables into smaller groups. In theory, variables

can be partitioned arbitrarily, but the partition affects the quality of the solution. All the variables
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of a control step are incompatible and should be assigned to different registers. Hence, the
number of possible assignments for i variables of a control step to k registersis kl/(k-i)!, where k
> i, which is much smaller than that of the general case. Note that the general case of assigning i
variables to k registers has i possibilities. Based on this observation, we propose the partition of
variables along control steps. A region for our heuristic contains all variables of s consecutive
time steps, where s called region size is the number of control steps of a region and is a
predetermined positive integer. A smaller s speeds up the processing at the cost of the
compromised quality. When an operator resides at the boundary of two adjacent regions, the
inputs of the operator belong to the preceding region and the output belongs to the succeeding
region.

Consider the DFG in Fig. 3.7 (a). The region size s is set to 1. Note that the inputs of
operator 8 belong to region 0 and the output of the operator to region 1. The maximal horizontal
crossing is 3 and, hence, needs at least three registers. There are two different types of operators
that require two modules. Let us suppose that operations 8 and 9 are assigned to module M3, and
operation 10 to module M4. The data path resources necessary for the DFG are shown in Fig. 3.7
(b). Register and interconnection assignments for our heuristic are illustrated using the DFG in
Fig. 3.7.

[ﬁ/\ﬁl 2 ] ]
#])Regmno | Rll | | RIZ |

M3 = M4 —
Region 1 \ ':' / \ *l /
(a) A part of dataflow graph (b) Given data path resources
Figure 3.7 Data flow graph and given data path resources

Our heuristic considers one region a a time starting from region 0. Region 0 has
variables 0, 1, and 2, and each variable is assigned to RO, R1, and R2, arbitrarily. (Note that all of
the other assignments are isomorphic to the assignment.) So we obtain,

X0,0 = X1,1 = X2 = 1.
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The necessary interconnections for the register assignment are

Z030=2131= 1.

Inregion 1, ILP equations for the register assignment are

X30 * X371 *+ X32

IN
L

X40 t X471 + X42
X20 * X30 + X40
X2;|_ + X3,1 + X4,1
X22 * X302 + X42

IN

IN

Since Xz, =1 for region 0, X3 = X42 = 0.

Interconnection assignments for the case of non-commutative operations are
1

1

1.

IN

Xg3 + X40-2300
Xg3 t X41-2Z310
Xg3 * X42-2Z320

IN

IN

The assignments for commutative operations are slightly more complex and have been omitted.
ILP equations specify a set of constraints for system register assignment, interconnection
assignment, and BIST register assignment for each region. After register and interconnection
assignments are made for a region, the assignments are fixed for the processing of the remaining
regions. Therefore, registers and interconnections are added, but not removed, as more regions
are processed. In processing a region i, the BIST register assignment attempts to construct the
paralel BIST structure (which isto assign a TPG to each input port and an SR to the output port
of every module) with existing, i.e., aready assigned, registers and interconnections. However,
unlike register and interconnection assignments, it may modify previous BIST assignments, if
necessary, to improve the quality of the existing solution. Note that the attempt to construct the
paralel BIST structure may not be successful in the middle of the process due to the lack of

assigned registers and interconnections.
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The BIST assignment process is illustrated in Fig. 3.7. After processing region i-1, the
BIST structure for module M1 is complete, but incomplete for module M2 in Fig. 3.8 (a). After
processing region i, register R3 and some associated interconnections are added in Fig. 3.8 (b).
The BIST assignment process modifies the current assignment of register R1 from CBILBO to a
TPG to reduce the hardware overhead.

CBILBO TPG TPG TPG
V lvl 1 1
L L
"
(a) After processing region i-1 (b) After processing region i

Figure 3.8 Progress of BIST register assignment

The following additional nomenclatures are used for the region-wise ILP formulation

described in the thesis.

« V istheset of variablesin the current region c.

« V¢ istheset of operations in the current region c.

« Efistheset of ordered triples (v, 0, 1) in the current region c.

« ES isthe set of ordered doubles (o, v) in the current region c.

« M isthe set of modules such that a region processed thus far, including the current region

¢, contains the input port(s) of an operator assigned to the module. For example, Mio =

{M3} for region O in Fig. 3.7 (a) since operator 8 is assigned to M3, and the input ports of

operator 8 are included in region 0. Similarly, Mil ={Mgs, My} for region 1. Note that every

input port of amodulein M®has connections to an assigned register.
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« M isthe set of modules such that a region processed thus far, including the current region
c, contains the output port of an operator assigned to the module. For example, Mg ={0}
for region O in Fig. 3.7 (&), and M% = {Mg} for region 1. Note that the output port of a

modulein M §has a connection to an assigned register.

In the following, we present ILP formulation for our heuristic for the interconnection

assignment and the BIST assignment, and discuss the objective function for our ILP model.
3.3.2 Region-Wise System Register Assignment

The ILP formulation for system register assignment in Eq. (2.5) is modified as follows to

account for our region-wise processing:

S % =1 0VOVy. (3.36)
rir

3.3.3 Region-Wise I nterconnection Assignment

Interconnections are not assigned explicitly, but are determined directly from register
(and module) assignments. In this section, we describe constraints for register assignments in
perspective of region-wise interconnections. The equations for the interconnection assignment in
Eq. (2.8) and (2.12) are modified as follows:

Xur + Xom — Zrmi <L, OrOR,MOM £ ,(v,0,1 )OES (3.37)

Xur + Xom + S| o =20y 20, Or OR,MOM{ 1 O1(0),(v,0*)DE". (3.38)
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One of the constraints for the proposed BIST synthesisis not to add extra paths dedicated
for testing (refer to Section 2.1.2). A straightforward minimization of a cost function may create
adverse paths in the synthesized data path. In order to prevent such adverse paths, it is necessary
to impose a constraint as described below.

An interconnection (i.e., wire) between a register and a module is alowed only if there
exists an edge between a variable assigned to the register and an operation assigned to the

module. In other words, abinary variablez,y is 1 only if thereis an edge (v, o, I) UE; in the DFG

such that v is assigned to r and o assigned to m. A non-commutative module should meet the

following equations:

S Zyrom —Zm 20, Or ORMOM{ I O1(m) (3.39)
VOV, 00V
Xur + Xom = 2Zyom 20, Or OR,MOME (v,0,l )OEF. (3.40)

EQ. (3.39) sets at |east one auxiliary binary variable z,oyy to 1 provided z,y =1. Eq. (3.40) sets

xyr =1 and Xoy, =1, where (v, 0, 1) O Eprovided the auxiliary variable z,my = 1. Therefore,
the two equations guarantee the existence of an edge between v and o and if zy=1. If the

module is commutative, we have to consider the mapping between the pseudoinput I* and the
input |. Hence, Eq. (3.41) should replace Eq. (3.40).

Xur + Xom + S | 0 =3FZyom =0, Or ORMOME I* O1(0),(v,0)DE".  (341)

It should be noted that the replacement of the auxiliary variable z,qqy in (3.40) with

Z,y 8 shown below fails to work, since it assigns every v and o to r and m, respectively, for (v,

o, ) UE,.
Xur +Xom — 2 20, Or OR,MOME (v,0,1 ) OEF. (3.40)
Similarly, auxiliary variable z,,,, is defined to guarantee the existence of an edge

between o and v and if z,, =1. Hence,
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> Zomwr ~Zmy 20, OMOMG,rOR (3.42)
olVy VOV

Xom + Xur —2Zomr 20, OMOMS,r OR,(0,v) D Eg. (3.43)

3.3.4 Region-Wise BIST Register Assignment

The proposed method tries to find a BIST circuit for each k-test session, where k is from
1to N and N is the number of modules. Two notations are used in the subsection. A variable p
labels a sub-test session, which tests a subset of modules of the BIST circuit, performed during a
k-test session, wherep = 1, 2, ...k. A setK is defined as the set of sub-test sessions, which is {1,
2, ...k} for a k-test sessionThe example data path in Fig. 3.9 can be tested in a one-test session
(k=1) or atwo-test session (k=2). We present ILP formulation for the region-wise BIST register

assignment in the following sections.

Figure 3.9 A data path for SR
3.3.4.1 SR Assignment

Suppose that the data path shown in Fig. 3.8 is currently under consideration for an SR

assignment. All examples given in this subsection refer to the data path in Fig. 3.8. A binary

variablespyp is 1 only if aregister r is reconfigured as the SR for a module min a p sub-test

session. Otherwise, the variable is 0. A module m can be tested by a register r (which is to be
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reconfigured to an SR) only if there is an interconnection between the module m and the register
r. Hence, the following condition should hold:
Zoy = Y Smp 20, OMOMG,rOR (3.44)
pUK
where K is the set of sub-test sessions, i.e.,, K={1, 2, ... k} for a givenk-test session. For the
example data pattK={1, 2} for the two-test session. It is sufficient to consider only six

Smrp Variables for thewo-test session (i.esg0,1 S4,01 S0 for p=1 andss e, S402 Ss12 for p=2).

Note that the variables, 1, is always set to O due to the lack of an interconnection between
module M4 and register R1.
The next condition is that each module should be tested only once in a sub-testpsession
during thek-test session. Thus,
S Smp =1 OmMOMg. (3.45)
riRr, pK
From (3.45), the following equations are obtained for module M3 and module M4:
S301 tS311t S302t S312= 1.
Su01 + 402 = 1.
Finally, although an SR may be shared by several modules during the testing, it should
not be shared in the same sub-test session. Hence,
> Smp<1l OrORpOK. (3.46)
MM <
For the register O under theo-test session, Eq. (3.46) yieldssgsi + S401< 1 forp=1and S;0.2
+5402< 1 forp=2.
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3.3.4.2 TPG Assignment

In this subsection, we formulate region-wise assignment of TPGs for our ILP model. All
of the illustrations given in this subsection refer to Fig. 3.10. Note that the data path can be

tested in a one-test session or in a two-test session.

TPG | RO | TPG| R1 | TPG| R2 |

M3 \/ M4 \/
s s
Figure 3.10 A data path for TPG
A binary variable typy is1only if aregister r isthe TPG for the 1™ input of a module m

in a p sub-test session. As in the case of the SR assignments, it needs a connection between the

th
I

register r and the I input of a module m. Each input port of a module mneeds one and only one

TPG for the entire k-test session. The following two equations specify them.

Zim = 3 trmp 20, O rOR, mOME, 101(m) (3.47)
pOK
Y trmp =LOMOME, 1 O1(m). (3.48)
rOR, pOK

The tyyyp of binary variables, which should be considered for the example data path, are

tozo1 t1311 tia01 t2311 toara for p=land tozoo tiz12 t1402 ta312 toa12for p=2. Equation
(3.48) yields the following equations for the example data path: to301 + to302 =1 and ty311 +
t1312+ 12311+ t2312 = 1 for the module M3.

All TPGs assigned to the inputs of a module and the SR of the module should be activein

the same sub-test session as specified below.
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S trmop = 3 trmap =0, OMOM{, pOK (3.49)

rtr rR
rR rR

For module M3 under p=1, to301— (t1311+t2311) = 0 from Eq. (3.49) andsp1 + S311 -
to,3,o,1 =0 from Eq. (350)
Finally, a TPG should not be shared between the two input ports of a module. This

requirement is necessary to achieve high fault coverage. Thus,
trmop *trmap <1 Or OR, mOM{, pOK. (3.51)

3.3.4.3 BILBO and CBILBO Assignment

The OR operation in ILP, to formulate BILBO and CBILBO assignment, was already
described in Section 3.2.3.3. But, it will be described briefly again for convenience. A variable
is 1 wheny; x is at least 1, and O otherwise, whgrés a binary variable. In other words, the

variablex is the OR operation of als. The variableX is formulated as follows.

Xi D(—in >0, (3.52)

wherex is a constant equal to the numbexksf. The variable should be 1 to satisfy Eq. (3.52).

x is the 0 only if all;s are 0.

We describe a condition that requires a register to be reconfigured into a BILBO or a
CBILBO first. Then, we elaborate the case where the register should be reconfigured into only a
CBILBO. A binary variabld, (s) is 1 only when a registeris used as a TPG (an SR) in at least
one sub-test session. tjff=5=1, then the registar should be reconfigured into a BILBO or a
CBILBO. Eq. (3.53) determines whether a registey used as a TPG, and Eq. (3.54) determines
if it is used as an SR. If the register is used as a TPG and an SR, a binary Baisabdt to 1
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due to (3.55) and (3.56). Hence, b, =1 indicates that the register r should be reconfigured into
either aBILBO or aCBILBO.

t_rmlp i, - z trmp 20, Or R (3.53)
mOM 101 (m), pOK
Srp L5y — z Smrp 20, Ur R (3.54)
mOM ¢, pOK
s+t —b <1 OrdR (3.55)
s +t, -2, 20, UrOR (3.56)

In the above, we identified the case where a register should be a BILBO or a CBILBO. If
aregister is used as a TPG and an SR in the same sub-test session p, the register should be
reconfigured as a CBILBO. Otherwise, it should be a BILBO. First, let us check the case for a
TPG. A binary variable t,p is 1 if aregister r is used as a TPG in a sub-test session p and is 0
otherwise. It isformulated as

trmlp D]rp - z trmip 2 0, OrOR,pOK. (3.57)
mOM 101 (m)

Note that a binary variable t;ny, isset to 1 only if aregister r isthe TPG for aninput port | of a

module min a p sub-test session. Hence, Eq. (3.57) sets the binary variable t, to 1 if aregister r
isaTPG of any module in a sub-test session p.
Next, let us check the case for an SR. A binary variable s, is 1 if aregister r isused as an

SR in asub-test session p and is 0 otherwise. The formulation is

SmpBrp = D> Smp 20, OrOR,pUK. (3.58)
mOM &

Note that a binary variable sy is1only if aregister r is used as the SR for amodule min the p

sub-test session. Hence, Eq. (3.58) sets the binary variable s, to 1 if aregister r is used as an SR
for any module in a sub-test session p.
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Eq. (3.59) and (3.60) set a binary variable ¢, to 1 only if t;;=1 and s,=1. In other words,
Cpislonly if aregister r is reconfigured into a TPG and an SR in the same sub-test session p.
Hence, the register should be reconfigured into a CBILBO. Finally, a binary variable ¢, is set to
1 due to Eq. (3.61) if there is at least one sub-test session that requires a register r to be
reconfigured as a CBILBO. This implies that the register r should be a BILBO if ¢;, =0 (under by
=1).

Srp ttp ~Crp <0, UrOR pUK (3.59)

Sp ttp — 20 20, UrR pUK (3.60)

Cpler - >cp20,0rdR (3.61)
pUOK

3.4 Constants

Coefficients, such as in digital filters or signal processing applications, are usualy
constants. An operation in a DFG may receive constant values on an input port. If an input port
of amodule is connected to only one constant, it is usually hardwired to necessary constant logic
values. The hardwired input port is resolved into the logic during the optimization process of a
logic synthesis. So it is unnecessary to connect a TPG for the input port.

However, if an input port receives more than one constant, the input port is unlikely to be
removed during the logic synthesis. Since the input port is not connected to any variable in the
DFG, thereis no register to be reconfigured into a TPG for the input port. To achieve a high fault
coverage, it is necessary to add an extra TPG to the input port or to add an extra path to an
existing TPG. Therefore, a case in which an input port is connected only to constants should be

avoided in the assignment processif possible.
To avoid such a case, we introduce a new binary variable t§m|p . Thevariableis 1 only if

a constant ¢ needs to be reconfigured into a TPG for an input port | of amodule min a p sub-test

session. Thus, previous Egs. (3.47) through (3.50) need to be modified as follows:
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Zem = 3 t%mip 20, O cOC,mOME I T1(m) (3.47')

pUK
Stmpt S tSemp =L0mMOME 1 01(m) (3.48)
riR, pOK cC, pK
> trmop + Y t%em0p = Y trmp = Y temip =0, OMOM{, pOK (3.49)
rr ctcC rr cc
S Smp = > trmop = 3 t°rmop =0, OmMOM, pOK, (3.50")
rir rir dic

By assigning a high cost in setting t§m|p to 1, this case can be avoided when possible.

3.5 Objective Function

The objective of an ILP is to minimize an objective function, i.e., cost function, for the
given ILP formulation. The cost function for the proposed ILP model represents hardware area

(interms of transistor count) and is given below.

Wr Np +wg Ng+we Ny + Wy Np + W Ng + Wi Nj +WeeNe
where N, Ng, N¢, Ny, Ng,and N; are the number of system registers, SRs, TPGs, BILBOs,
CBILBOs, and interconnections, respectively. A variable N.c is the number of constants that
should be reconfigured into TPGs. Weights, w, ,wg ,W ,W,, and w, are the number of

transistors for the corresponding hardware. The weight w; is the average number of transistors
per input for various size multiplexers; it was obtained as the average of the number of

transistors for an n-input multiplexer divided by n forn = 2, 3, ...7. The Weigb{tg is the cost
for constants. We assigwtc a number greater than any other weight to avoid, if possible, the

case in which a port needs an extra TPG or an extra wire to an existing TPG.
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To compute the value (cost) of the objective function, it is necessary to compute the
number of individual registers, BIST registers, and multiplexers. They are readily calculated by

summing up the related binary variables as shown below:

+ Number of CBILBOs: N; = 5 ¢ (3.62)
rorR
¢ Number of BILBOs: N = » b = N¢ (3.63)
ror
¢ Numberof SRsNg= Y 5 =N - Ny (3.64)
ror
¢ Number of TPGs: Nt = 5t =N = Np, (3.65)
rorR
*  Number of Registers: N, = N —( N, + N, + N, + N,) (3.66)

where N represents the minimum number of registers necessary for a given DFG.

* Number of constantsto be reconfigured as TPGs: N,c = Ztccmm (3.67)
cOC,mOM £,101(m), pOK

*  Number of interconnections. N; = YZm vt > Iy (3.68)
rOR,MOM S I0I(m) mOM ¢S rOR

Note that the summation for deriving N, Np,Ng, N¢, and N, isthe same as Eq. (3.29) — Eq.

(3.33). And the number of interconnections is derived instead of number of multiplexers in

region-wise ILP based approach.



