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Abstract

High level synthesis techniques for the synthesis of

restructurable dutapaths are introduced. The techniques

can be used in applications such as design for fault toler-

ance against permanent faults, design for yield improve-

ment, and design of Application Speci$c Programmable

Processors. This paper focuses on design techniques for

Built in Self Repair (BLYR), which addresses the jirst two

of these applications. The new BISR methoablogy consists

of two approaches which exploit the design space explora-

tion abilities of high level synthesis. The jirst method uses

resource allocation, assignment, and scheduling, and the

second uses transformations. The qfectiveness of the

approaches are verljied on a set of benchmurk examples.

1 Introduction

Built in Self Repair (BISR) is a fault tolerance tech-

nique in which spare modules are provided to supplement

the core operational modules. Using BISR techniques,

yield can be improved by replacing defective modules

with spares before packaging. Alternatively, reliability can

be improved by automatic replacement of failed modules

with spare ones, so that the overall system can continue to
function correctly. This is especially important for military

systems or space exploration missions, where it is critical

that them are no system failures.

BISR techniques are regularly used in memories and bit

sliced designs [1]. So far they have not received much

attention in ASIC design, but with higher levels of integra-

tion they will soon be important for improving yield and/

or reliability in this area as well.

High level synthesis techniques have previously been

used to address a variety of design goals [2], but little

work has been done on techniques for fault tolerant
design. While previous high level synthesis methods have
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addressed intermittent and transient faults [3, 4], this work

concentrates on permanent faults.

The main concepts introduced are based on exploiting

the flexibility provided by high level synthesis during

design space exploration. Atthough this paper focuses on

BISR design, the techniques introduced have a high poten-

tial to facilitate the synthesis of Application Specific Pro-

grammable Processor (ASPP) datapaths. Intelligent

strategies to use the flexibility of solutions is a crucial

component for achieving small overhead designs of nxon-

figurable datapaths in ASPP design. Most often, hardware

overhead is minimized by identifying a set of configura-

tions which are similar in terms of the required hardware

resources. Consider, for example, the design of an ASPP

to implement the 2 different computations A and B. Let Ai

and Bj represent pmticulm implementation solutions for

the computations A and B. The ASPP implementation is

the union of the hardware, Ai u Bj , for any i and j. The

goal is not to find the A4in (Ai) u &tin (Bj) implementa-

tion, but to find the Min (Ai u Bj) solution, which often

is one for which Ai and Bj have similar hmdware re@re-

ments.

Before proceeding, a number of assumptions are pre-

sented. In this paper the hardware model [5] shown in Fig-

ure 1 will be used. To stress the importance of interconnect

minimization, the model clusters all registers in register

files, connected only to the inputs of the corresponding

execution units. We assume that there is no bus mewing.

Fig. 1. Hardware Model: interconnect-Regfile-EXU

Faults can occur in either an execution unit, a register file,
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or a bus. Under the given hardware model, all faults can be

classified as execution unit faults. A faulty register file

prevents its corresponding execution unit from receiving

daw and thus has the same affect as a fault in the execu-

tion unit. Similarly, a faulty bus can be treated as a failure

in the execution unit at its receiving end. Other high level

synthesis hardware models, can be addressed using the

methodology y presented here with proper modification of

the algorithms.

Within this framework, the high level synthesis BISR

process can be defined as follows: Given an ASIC com-

putation, an underlying hardware model and an execu-

tiOU time bound tavail~ synthesize a minimum area
design, so that up to K hardware units can be faulty.

If these techniques are used for fault tolerance against

permanent faults, it is assumed that an error checking
mechanism exists. If the methods are instead used for

yield enhancement, it is assumed that manufacturing test-

ing will detect the faulty units. In either case, the control-

ler is reconfigured upon detection of a fault. The controller

is assumed to be either reprogrammable or to lie on a sepa-

rate chip.

2 BISR Algorithms for ASIC Design

The most straightforward approach to BISR is to pro-

vide a spare for each hardware instance, resulting in full

duplication of the hardware. Fortunately, the BISR over-

head need not be so high. If the number of faulty units, K,

is 1, for example, the assignment step provides the flexibil-

ity under which it is clear that only 1 spare for each hard-

ware class is necessary. The operations from the failed unit

witl be assigned to the spare of the same type.

Considering the addhional flexibility brought by sched-

uling, however, even fewer spares can often be used.

When a failed unit is detected, instead of reassigning only

those operations implemented by the failed unit, a com-

plete reassignment and rescheduling of all operations of

the computation is performed.

The example of Figure 2 illustrates how BISR overhead

can be greatly reduced by exploiting scheduling flexibility

brought by one type of spare unit to alteviate the need for

another type of redundant unit. For this and all subsequent

examples, -assume that each operation takes 1 control

cycle, and K= 1. The minimum required hardware consists

of 1 adder and 2 multipliers, or 2 adders and 1 multiplier.

If scheduling flexibility is not exploited, the minimum
BISR hardware will be 2 adders and 3 multipliers, or 3

adders and 2 multipliers. However, if we allocate only 2

adders and 2 multipliers, a complete BISR implementation

:giifE!Available Time = 3 control cycles (cc)

+~
Fig. 2. Motivational Example

can still be achieved by altering the schedule. This can be

veriiied by the schedules given in Table 1.

Control Failed Unit

step Adder (A) Multiplier (M)

A M A M

1 al al,a2 -

2 a2 ml

3 m 1,m2 - m2

Table 1: Schedules when Different Units Fail

2.1 Allocation, Assignment, Scheduling for’ BISR

As a starting point for the BISR algorithms, we used

tools from the HYPER high level synthesis system [5] for

allocation, scheduling and assignment. For B1[SR it was

necessmy to develop a new allocation scheme.

Before the explanation of the new allocation algorithm,

several definitions are presented. An allocation, A, is a

proposed set of hardware units for the BISR realization of

art application algorithm. For a given K, there are many

possible combinations of K units which can fail. Let i rep-

resent one such failure event. The child allocation A(i),

A (i) c A is the effective allocation of hardware (alloca-

tion of good units) for the failure event i. Note that the

number of elements 1A – A (i)] is equal to K. A feasible

allocation, A, is thus one for which successful reassign-

ment and scheduling can be accomplished fc~r all of its

child allocations A(i).

The basic idea of the allocation mechanism is to start

with an initial allocation, add hardware until a feasible

allocation is found, then remove all unnecessary redundant

hardware. The pseudo-code for the global flow of the algo-

rithm is shown below.

A sharp minimum bound, Mj, on the necessary amount

of hardware of each class j is used as the initial allocation.

Mj is defined as Mj = mj + K where mj is a minimum

bound on the amount of hardwarej necessary for any non-

BISR implementation and K is the number of faults. For
each hardware class, j, relaxation based scheduling tech-

niques [6] are used to derive mj The ~uation for Mj can
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GetInitialAUocationo;
While (! Success) {

SortInDecreasingOrderOfStresso;
Success = Assign& ScheduleWithFailedUnito;
UpdateStresso;
if (! Success)

GetNewHWUnito;

)
RedundancyRemovatWlthLookAheadPruningo;

be understood by observing that any implementation

requires at least mj units, and-since up to K units of type j

can be bad, at least (mj + K) units are needed.

If the initial allocation fails, the expansion phase is

entered. In this phase, new hardware units are added one

by one until the allocation succeeds. Good selection meth-

ods have a crucial impact on the speed of the algorithm

,and the quality of the solution. The primary criteria for

deciding which hardware type to add next involves using a

measure called the global stress of a hardware resource

class. The global stress is composed of three measures:

Minimum Bounds Stress, E-Critical network Stress, and

Scheduling Stress [7].

At the completion of the expansion phase, there is no

guarantee that the feasible allocation is minimal. It is pos-

sible that a subset of the allocation, A‘ c A is also a solu-

tion. To assure that a local minimum has been reached, it is

necessary to assure that if any units are removed from the

current solution, the solution is no longer valid. In general,

the units with minimum stress are tried first. It is also
imperative, however, to incorporate a remember-and-look-

ahead technique, so that time is not wasted attempting

allocations that will definitely fail. We remember all allo-

cations and child allocations that failed, and use this infor-

mation whenever considering an allocation A’. Before

attempting A’, a look-ahead to its child allocations will

determine if there is any overlap between the children of
A’ and any known allocations that have failed.

For a successful allocation, a feasible schedule for each

child allocation must be found. The schedules are ordered

in decreasing order of difficulty, so that we can exit as fast

as possible in the event that there is an insufficient alloca-

tion. This ordering is based on the global stress function
described eartier.

2.2 Transformation-Based BISR

Sometimes, it is not possible to reduce BISR overhead

using the allocation-based techniques of Section 2. In that

case, transformations can be used to reduce the overhead.
Transformations are alterations in the computational struc-

ture such that the behavior is maintained [2]. The key new

idea is to transform the computation in different ways

according to the needs imposed by the available hardware,

for each possible scenario of failed units. The example in

Figure 3 illustrates this idea. The following identity is used

to transform 3a into 3b

(a+ b)-(c+d) = (a-c) +(b-d)

‘~ 1~>;dabk
Tme = 2CC

(a) (b)

Fig. 3. Transformat~xiormforsBISR: Motivational

All operations lie on the critical path, so it is not possi-
ble to reduce BISR overhead using the techniques of Sec-

tion 2. If only computation 3a is considered, then 3 adders

and 2 subtracters are needed for the BISR implementation.

However, if both implementations are considered, only 2

subtracters and 2 adders are needed. If the subtracter fails,

we can use computation 3a which needs 2 adders and 1

subtracter, and when the adder fails we can use computa-

tion 3b which needs 2 subtracters and 1 adder.

Figure 4 shows how retiming can be used for high level

synthesis BISR. Retiming reshuffles the operation over-

laps in such a way that operations which require units that

(a) (b)
Available Time = 2CC

Fig. 4. Retiming for BISR

are in short supply (due to failure) are no longer bound to

happen in the same control step. It is easy to determine by

analyzing the various schedules, that 3 subtracters, 2

adders and 2 shifters are sufficient for the final BISR

implementation.

In general, transformations to reduce BISR overhead

can be classified into two groups:

1.

2.

Transformations to increase the resource utilization
(and therefore reduce the need) of the units of the same
type as the failed EXU,

Transformations to reduce the number of operations of
the same type as the failed resources.
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A detailed explanation of how various transformations The consequences of the BISR techniques on yield and

are used for BISR design is presented in [7]. chip productivity are calculated, using the procedure pre-

Associativity, inverse element law, commutativity, and
sented by Stapper [8]. An initial yield of 10% was

retiming are used in the transformation-based BISR
assumed. The BISR designs had average yield artd produc-

design. Note that HYPER simulation tools can be used to
tivity improvements of 87.4% and 61.0% respectively [7].

verify that relevant numerical properties (e.g. numerical Non- Non-
BISR ‘“

stability and overtlow control) are maintained in all trans- Example BISR
BISR # Hw

#unirs
BISR

classes ~a Area
Overhead

formed designs. A probabilistic sampling algorithm [5] is
#unirs (%)

used as the core transformation engine. Weighting in the llFIR 8 9 4 5.45 6.5 19.3

cost function is affected by the number of resources avail- ~R 7 9 4 9.27 9.92 7.0

able. The algorithm is thus driven to apply transformations 35FIR 7 8
that alleviate the need for resources that are in short sup-

4 12.31 13.34 8.4

5StateLinCn 21
ply. A key novelty is that transformations are tried for the 23 3 36.00 38.49 6.9

various scenarios in decreasing order of estimated diffi- Table 3: Results for Transformation-based designs

culty, as determined by the stress function of the previous

section.
4 Conclusions

3 Experimental Results
New techniques to compose a reconfigurable heteroge-

The BISR techniques were tested on the set of exam-
neous BISR implementation have been presented. The

approach is based on the flexibility of high level synthesis
pies shown in Table 2. The results presented here assume during design space exploration. The experimental results
the number of faulty units, K, is equal to 1. The average and high yield and productivity improvements demon-

Non-
BISR # Hw

Non-
BISR

Area

Example BISR
#Umts

BISR
Classes ~a Area

Overhead

#units (90)

WFFT8 6 8 3 1.79 2.49 39.0

5EllipWDF 6 9 4 1.43 1.73 21.0

811R GM 8 9 4 4.84 4.95 2.3

WConv8 8 9 3 1.91 2.38 24.6

811RParallel 9 12 4 2.23 2.55 14.4

811RCascade 9 12 4 4.24 4.69 10.6

DCT 10 12 3 1.40 L77 26.4

511R 11 14 4 4.55 5.56 22.2

mR 17 19 4 4.47 4.92 3.1

8UR DF 23 26 4 19.81 21.20 7.0

3StateLinCn 29 32 4 8.22 9.39 14.0

Wavelet 30 32 4 22.05 26.19 18.8

Table 2: Results for Allocation-based designs

strate the potential of this approach.
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