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Abstract faulty resources after diagnosing them [7][14][16]. The first

Thi ¢ h for th luati sfp in self repair is to use periodic test @ncurrent error
IS paper presents a new approach for the evaluation Qe o (CED}o detect faults in run time. When faults are
FPGA routing resources in the presence of interconnect faults,

o . tected, the second step is to use diagnosis techniques to
All possible interconnect faults for programmable switches ar?ge P g 9

- h | sidered. Sianal routing in the presenc. cate the faulty resources. Usually, only a small portion of
Wf'r'fngl(t: gntnesare c?n ! - =19 nalu Ieg Iat bot% S .téﬁterconnect resources is used, so the third step attempts to
ot Taully interconnect resources Is analyz Wi femap the design in the FPGA to bypass the faulty resources,

bloctk l?lr']td thetgnure FPGA. Tv(;/o ndew péoba?ll|st|c rofutm%ych that the desired design can still function correctly.
(routability) metrics are proposed and used as figures of mefityy, . o ity and flexibility of the interconnect resources

for .evaluatmg the interconnect resources of commermallgften determine whether it is possible to successfully recon-
available FPGAs as well as academic architectures. figure the FPGA at possibly a small performance penalty.
Here performance penalty refers to rerouting with a longer
path and hence longer delay. The structure of the switch
Field programmable gate arrays (FPGAs) are programmableck is important for routing and flexibility of reconfiguration.
platforms for many applications such as networking, sign@iherefore, fault-tolerance of different FPGA architectures and
processing, and fault tolerant computing. The programmabiliiyeir resources (in particular the switch block structure) must
of FPGAs has helped to achieve a short design cycle and lbw evaluated. This work studies the ease and feasibility of
development costs, as well as a reduced time-to-market.rémapping in the presence of faulty resources for different
an SRAM-based FPGA, all logic elements and programmat¥witch block architectures. Routability (the probability to
switches can be reprogrammed by loading a configuratipsute) can not be fully accessed only at switch block level.
bitstream, giving the FPGA the flexibility to implement manyrhe entire FPGA array needs to be investigated to obtain
digital circuits on the same piece of silicon. information on the routability of the device. Additionally,
An FPGA usually consists of avo-dimensional (2Darray contemporary FPGAs often have segmented wires that span
of logic resources connected by routing resources. Other cor@ger multiple switch blocks, such as the Hex lines in the Xilinx
such as memory blocks and microprocessors can also \ligex FPGA. These routing resources need to be analyzed at
embedded. Ove80% of transistors inside the FPGA are dedthe switch block array level.
icated to the programmable routing network as programmabléen this paper, a detailed study of different FPGA architec-
switches and buffers. Also, more than eight metal layers axges in the presence of various interconnect faults is presented.
used for wiring the interconnects [5]. Hence, FPGAs afEhe impact of faulty interconnect resources on the probability
very vulnerable to all sorts of interconnect defects, including route (routability) in a switch block array is assessed.
manufacturing and reliability defects. Although most of thesehis can be used to evaluate interconnect architectures based
defects are covered by manufacturing test, permanent defenisdifferent defect rates. Two new metrics are proposed to
will still affect normal operation of FPGA-based systems duestablish the routability and connectability of the switch block
to latent manufacturing flaws (reliability defects) and wearoatray. The first metric captures the impact of faults on the
mechanism. As the level of integration increases aggressivegdgrformance of remapping the design, whereas the second
chips become exponentially more vulnerable to defects duriognsiders the ability to route signals. Moreover, the variation
lifetime operation. The correct functionality of the interconnedif these metrics for evaluating the capability of different FPGA
resources has a significant impact on the design that candbehitectures imremappingthe design (to avoid faults) is also
implemented in the FPGA. considered. The impact of different types of faults is analyzed
The programmability and modularity of an FPGA are readnd compared for various FPGA switch block structures.
ily adaptable to fault-tolerance [6][8]. Adaptive fault-tolerant The presented metrics for routability and connectability
schemes based on FPGAs ss&#f repairtechniques to avoid are evaluated for commercial and academic FPGAs. The
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fault tolerance capabilities of FPGA architectures are aldfrtex FPGA as well as academic FPGAs, are analyzed in
compared. A polynomial time algorithm which finds all pathdetail and a quantitative evaluation is pursued.
(up to a maximum length) between a pair of primary 1/Q
endpoints in a switch block array, is presented. This algorithth Preliminaries
is used as a basis for analyzing switch blocks as well as switchThe FPGA model used in this paper is similar to Xilinx
block arrays based on paths as the criteria for routing ah@?GAs[22]. It consists of a two dimensional arrayaminfig-
fault tolerance. The proposed method is applicable to array@ble logic blocks (CLBsiind switch blocks. Programmable
of arbitrary switch block structures; for each switch blockwitch blocks provide the selective connectivity of horizontal
structure, routability must be executed only once to fully asseas well as vertical routing channels placed between the logic
its fault tolerance. blocks which consists of line segments (nets) of different
The rest of this paper is organized as follows. A bridength. Note that these nets may or may not be buffered. Inside
review of previous work in the technical literature as wekach switch block programmable switches can be found; a
as the preliminaries and fault models are given in Section #witch is a pass transistor controllable by a user-programmable
In Section I, the proposed routability and unconnectabilit]RAM cell. These switches provide selective connectivity
metrics are presented. Section IV presents the algorithm. Thefween pairs of line segments connected to the switch block.
results for commercial and academic FPGAs can be seenAirswitch can bebidirectional which means signal can be
Section V. Finally, Section VI concludes the paper. routed from endpoint4d to endpointB or endpointB to
endpointA; or uni-directional which means signal can only
be routed from endpoind to endpointB but not vice versa.
A. Previous Work The values of these SRAMs are part of the configuration data
The programmability of FPGA can readily be used in adap¢hich is loaded into the chip when the chip is configured.
tive fault-tolerant schemes. In [8], a comprehensive approalhthe switch is closed, the connection between two nets is
to reconfigure one-time programmable FPGAs with faulgstablished; otherwise, these nets are not connected.
logic resources has been proposed. Methods for toleratingn this paper, a generic switch block array composed of
faults in the FPGA logic resources by shifting the configarbitrary structured switch blocks is assumed. A 2-D array
uration data are presented in [6]. In [14], a column-base@nsists ofk, x k. switch blocks connected in both the
reconfiguration technique using precompiled configuratioherizontal and vertical directions via nets as shown in Figure
is presented. The ROAR (Reliability Obtained by Adaptivé(a). Each switch block has four ports: North, South, West and
Reconfiguration) project at the Stanford Center for Reliabfast; each port has endpoints. The primary I/O endpoints
Computing is an example of reconfigurable architecture witif the array are also indicated in the Figure. In this paper
self-reparing ability [16]. ROAR achieves fault tolerance bye consider paths routed from one primary I/O endpoint to
CED, fast fault location and quick recovery from temporargnother.
failures and fast repair of the system from permanent faults.
Another self-reparing example is the roving STAR approach
proposed in [1]. Testing takes place in the self-testing argg,
(STAR) while the system is running. The entire chip is tested
by roving the STAR across the FPGA. Additionally, as ex-
plained in Sec. I, testing and diagnosis are integral parts of self
repair techniques. These issues have been addressed by many
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papers. Application-independent testing of routing resources _nf 1 1 :”pmm
in FPGAs has been addressed in [6][7][12] [15][17][18][19]. ‘ ‘ ) R
Application-dependent testing of FPGAs has been reported in = sumawo  einanio prmayio
[4][11]. Diagnosis of interconnect faults in FPGAs has been (a) 2D Switch Block Array (b) A Simple Switch Block
discussed in [9][10][20][21].

However, previous work can not be used to establish and Fig. 1. Switch block and 2-D array of switch blocks

assess the most appropriate switch block structure for fault

tolerance. Very little work has been reported under which

conditions a certain configuration is realizable in the FPG&- Fault Model

when faults are present. This is directly related to the capa-Faults in the FPGA interconnect can be categorized into two
bility of a switch block structure and the overall FPGA tamajor groups, namelgpensandshorts An open fault can be
route in the presence of faults. This effectively differentiates switch stuck-open or an open on a net (line segment). A
the switch block structures currently available from differergwitch stuck-operfault causes the switch to be permanently
manufacturers and their ability to provide routing with faultppen regardless of the value of the SRAM cell controlling the
interconnect resources. In this paper we propose methodsswagtch. A short fault can be a switch stuck-closed or a bridging
evaluate fault tolerance in arbitrary switch block structurefault between two routing resources. A switstuck-closed
various switch blocks, including the Xilinx XC4000 and thdault causes the switch to be permanently closed regardless
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of the value of the memory cell controlling the switch. Twgractice), it evaluates the number of pairs which cannot be
different bridging fault types are considered in this paper. houted in the presence of interconnect faults. In the second
the first type, any two arbitrary nets can be shorted togethsituation, by settind...... to a predefined threshold, this metric

In the second type, by considering physical information, ontpodels the number of pairs which cannot be routed within a
adjacent nets can have a bridging fault We do not considgiven length. For some performance critical applications, it is
stuck-at faults in the interconnect separately, as these fadidremely important that the routing delay does not exceed
can be modeled as shorts to power rails. some predefined threshold. Is is also important to evaluate

such metric for the pairs in the critical paths.
1. ROUTABILITY METRICS

The main objective of this work is to assess the routability
of the switch block array in the presence of faults; if some
switches are programmed “on”, some paths can be established —

. . . . A SBO SB1 SB2 |
to route signals from the primary input endpoints to the
primary output endpoints. Obviously, routability is related to
the number of paths which are realizable in a given switch net bridge
block array. Moreover, the length of these paths determines s /) e[~
the routing delay, which is directly related to the performance s ]y

sB3A\vL _ v2.g
. A A

of the mapped design. When some switches and/or nets 7~ Tswitch |2 -
become faulty, the faulty elements and possibly some fault- stuck-closed v

free resources around them can no longer be used for routing Vi

signals. As a result routability is lost due to faults. Some SB6 7 sB8 |

previously connectable pairs of endpoints may no longer be
routable. In terms of fault tolerance, it is interesting to establish
the change in routability when the number of faults increases.
In this paper the following metrics are proposed to evaluate D
the routability of a switch block.

Metricl (Routability): Let the number of paths of length

between a given source, and destination{, be N;, then the  Different types of faults have different impacts on routabil-

Fig. 2. Short faults i3 x 3 array of switch blocks

proposed metricV/y (s, ¢) is defined as: ity, since the type of the fault determines which resources
N, become unusable. In the presence of open faults, the faulty
M (s,t) = T (1) element (switch or net) is permanently disconnected, hence

! it can no longer be used; other interconnect resources are
This value is computed for a large enough sample abt affected by open faults and can still be used. Therefore,
all pairs of source and destination vertices in the switanly one switch block is sufficient to study the behavior of
block array and the average value is considered,Mfe.= interconnect in the presence of switch stuck-open faults.
E(M;(s,1)). However, a short fault not only makes shorted resources
Metric2 (Unconnectability): The metricM- is defined as unusable, but it also affects the utilization of some resources
the number of pairs of vertices that can not be connectéd the neighboring switch blocks. An example is shown in
(routed) by any path of length,,,. or less. Figure 2 . A switchv2-v3 stuck-closed fault is present in the
The length of the path is defined as the number of switchesnter switch block (SB4). As2 andv3 are shorted together,
and nets in the path. The first metric captures the performarhen the nets connecting these two vertices are also shorted
of routability because paths with shorter lengths (i.e. fast@@onnected) together, i.e. the net-v2 is connected to net
paths) have more weight (note that the path length appeassv4 (this is represented by the highlighted dotted line in
in denominator). From a performance point of view, shoRigure 2). Now consider the routed path frotrto B, and the
paths should be favored over long paths. High&rrepresents routed path fromC to D, shown as highlighted solid lines.
more routable switch block arrays with higher performancglthough these two paths do not utilize the faulty swite
Obviously, the larger the number of paths, the more routahl8, they are still shorted together due to this fault. Therefore,
and flexible the switch block array is. The number of pathe ensure correct routing, the four verticek, v2,03 and v4
is dependent on the number of switches as well as thaibng with all the nets and switches connected to these vertices
distribution in the switch blocks. Therefore, the proposetust be marked as “unusable”, i.e. they can no longer be used
metric correctly considers both the number of paths and thé&r rerouting signals. This example clearly shows how some
lengths. The presence of faulty elements reduces the numfaert-free resources in the neighboring blocks are affected by
of paths, because it does not allow a signal to be routed withwitch stuck-closed faults.
a certain path length. A similar scenario occurs for net bridging faults. In the
The second metric models two situations. In the first siexample shown in Figure 2, if a bridging fault is present
uation by settingL,,.. to infinity (a large enough value in between nev5-v6 and netv7-v8, the four vertices«5,v6,07
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andv8) along with all the switches connected to them can o perform the above procedure for all pairs. Therefore, a
longer be used for rerouting. In summary, a short fault hasstatistical study can be conducted by considering a large
bigger impact on routability than an open fault. enough sample of randomly generated pai¥s. randomly
Based on the above observation, the smallest array fggnerated (source,destination) pairs are chosen first, then all
studying the impact of short faults is3ax 3 array of9 switch paths of length up td,,,, between each pair of vertices are
blocks, in which all neighbors of the central switch block mugbund. Let the number of paths of lengthbe V;. The first
be considered. Th&x 3 array is used for both open and shorimetric is calculated as follows:
faults in the central switch block. An example of this array is

shown in Figure 2. Segmented wires can also be included. In M = AVGN, pairs( Z N ) (2)
general at least & x k switch block array is needed to study / l
the segmented wire that spanswitch blocks. If for a specific pair no path is found, then this pair is

considered as unconnectable. Metfif; counts the number
of unconnectable pair out of thév, randomly generated
A. The Path-based Method (source, destination) pairs. Then, faults are injected into the

In this section, a path-based method is presented to evali@lf@y: the injected faults can be any of the four types in the
the fault tolerance of a switch block array using the methits previously described fault model. Assurfi¢aults are injected.
and M, defined in Sec. I1l. The switch block array is modeledVe consider onlyN; randomly generated fault patterns with
as an unweighted, undirected gragh= (V, E); each endpoint f faults, because the number of all possible fault patterns
of the switch block array is a vertex ifi; if a programmable S exponential to the size of the switch block array; is
switch or a net exists between two endpoints, an edge is ad§aéfulated based on an average over th¥gefault patterns.
in E between these two vertices. Let the minimal degree &he above process is performed o, randomly generated
the vertices inG be d,,;n=d. |E| = ¢ denotes the number of PaI'S of vertices to obtain the average metric over/feairs.
switches and nets in the switch block array. Figure 3 show#is is denoted by{’), i.e. the routability in presence gf
an example of a simpl& x 3 switch block array. faults. We also count the unconnectable pairs in the presence

of f faults to obtain]\/[z(f).

‘ ‘ ‘ ‘ ‘ ‘ ‘ To evaluate the fault tolerance of a certain array we inject
—u s f =1,2,3... faults to obtaianf) and M2(f). This can be
Z — considered as the fault rate, or the number of faults over time.
I; ‘ The injected faults in each set of experiment can be of the
BTN same or different types.
— Contemporary FPGAs have not only single lines (nets)
‘ connecting adjacent switch blocks but also segmented lines
— that span over multiple switch blocks. For example the Xilinx

A — XC4000 switch block hadouble lineghat run past two CLBs
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ before entering a switch block. Also the Virtex switch block
has Hex Linesto route signals to another switch block six
blocks away. Similarly, d.ong Line connects switch blocks

) which are twelve tiles apart. Since the switch block array
Here examples are given to demonstrate the effect of faLﬁESmodeIed as a graph, the proposed method is applicable

on the routepl paths. In Eigure 3, a path from an array primatr(y switch blocks with segmented interconnect as well, the
input endpointv1 to a primary output endpoint8 of length  ge4mented nets are also modeled as edges in the graph.

Tls h|gh||r§]]hted_. This path is deTOted ?’”2'”3'”4'”5'”6' Experimental results of Virtex array with Hex lines are shown
vT7-v8. If there is a net open fault on the net-v5, or a net in the result section.

bridging fault between the nets-v7 and the netw8-v9, this
path can not be realized. However, some other faults (suchBasThe Algorithm
switch stuck-open fault in switch10-v11) have no effect on  In this section, the algorithm for finding all paths up to
this path. Since the objective is to evaluate the fault toleranemgth /,,,,. between two endpoints in an arbitrary graph is
of different interconnection structures, the presented metrigresented. As described in Sec. lll, only3ax 3 switch
must be evaluated for both fault-free and faulty cases. Lobipck array is needed. Herg,,. is set to10. Note that this
paths are not desirable because of unacceptable routing dedéyorithm is applicable to arrays of switch blocks of arbitrary
therefore the longer paths have a smaller contributiof/tb  structures. This algorithm is based on a Depth First Search
In our experiments we limit the path length to a predefind@] and finds all possible paths of length up &9, in an
lmaz = 10. unweighted grapl = (V| E), starting from a vertex € V
The evaluation method can be described as follows. Sintcea destination vertex € V. Let the minimal degree of the
the number of all possible (source, destination) pairs ageaph (i.e. for all vertices irz) be d,,.;, and the maximum
guadratic to the size of the graph, it becomes intractaldegree bel,,....

IV. ROUTABILITY EVALUATION METHOD

N1 N2 N3 ‘

< <
<
INTRY=>

Fig. 3. An array example with a path of length 7
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The graphG is stored as an adjacency listis the source [, is the maximum path length. If the algorithm is executed
vertex,t is the destination verteXen is the maximum length to find all paths of length up té,,.. between source and
allowed for the desired patti?ath contains the current path,destination in a fully connected graph, the time complexity is

the length of the current path is given ky

Function ListPattg,t,len:
input:source vertes

target vertex

length of the path requirelgn

1. if this is top callthen

O(nlma=), wherel,, . is a constant for this particular problem.

It is an enumeration problem because all paths of length up
to l.q. (Starting from a source vertex in an arbitrary graph
G) must be found. So this problem belongs to the category
of polynomial delay complexity [13], as the consecutive
solutions of the enumeration problem can be produced with
polynomial time delay. However, switch blocks are sparsely
connected (i.ed,,.. < n), SO its complexity isO(dlmaz),

max

2. Path «— ) , k <O0; which in practice is considerably smaller th@fn!=«=). Many
3. Path — Pathu { s} FPGAs haved,,i, = dmez = d = 3 inside the switch
4. s — the k*" element ofPath block (or d.... = 4 when considering the edge establishing
5. if s=t then connection between switch blocks). In this case the complexity
6. storePatly is O(4!ma=). Note that an additional step i@(|E|) time is
7. return; required to read the graph and build the adjacency list.
8. else if k=len then V. RESULTS
9. return;
10. u < first vertex in AdjList6); |
11. while still more vertex in AdjList§) loop -
12. if u e Path AND u # t then Gpasstransistors\f/ AN . 5 Noho 4
13. continue f oy e B o
14. Path — PathU { u }, k — k+1 : 4 i 50
15. call listPath (s.t,len) : ’
16. k — k-1 oot B TR e
17. Path — Path- { u } o N 5 .
18. u < next vertex in AdjList§) ? “ e
R 7 AR
South
This recursive algorithm starts with the soureeand (a) XC4000 Switchbox (b) Virtex GRM
searches the tree in a depth-first manner. In the top Ballh (Only Single Lines are shown) (Only Single Lines are shown)

is initialized to contain onlys, and k& is set to0 (lines 1-
3). In every subsequent cal, is set to be the last vertex
of the already established path (line 4), whose lengtlk.is
Next, if a path with an acceptable length (less thagn,) is
found, the path is stored and the function returns. Otherwise, : , ° 4
if the path has the maximum length but hasn’t reached ] n S s
this path is discarded (lines 5-9). If the path hasn’t reached . L .
its maximum length and hasn't reachgdwe search deeper o o ’
by going to the next unsearched neighborsoénd call the e -
algorithm recursively to find all the desired paths. Applying @Universal (DIDouble-comnected
this algorithm to a switch block array is straightforward as the ¢y s
nets connecting neighboring switch blocks are also considered

as edges in the graph. _ _ In this section, the routability metrics are computed for
The application of the above algorithm on the switch blocksme commercial FPGA architectures, namely the Xilinx
shown in Figure 1(b), fof,;.,=3 is given. The resulting output xc4000 and Virtex FPGASs, as well as some academic FP-

Fig. 4. The XC4000 and Virtex Switch Block

Universal Switch Block and Double-Connected Switch Block

for the vertex pair {V'1,E1) is:

« Paths of Length 1W'1 — FE1.
« Paths of Length 2: none.

o Paths of Length 3¥1 — N1 — S1 — E1, W1 — 52 —

N2 - E1.

GAs [2]. In particular, the following FPGA architectures are
investigated in this work

« XC4000: This switch block structure is shown in Figure

4(a) [22]. It has8 endpoints in each of the four ports,

i.e. a total of8 x 4 = 32 endpoints. Each endpoint has

The above algorithm is recursive and its complexity is degreed = 3, so altogether there a8 switches in the
computed as follows. Since the maximum degree of the switch block.

vertices inG is at mostn — 1, the while loop (line 12) executes
at mostn—1 times. The recursive depth is at mégt..., where

« Virtex (Single Lines Only): The Virtex GRM (General
Routing Matrix) is shown in 4(b) [22]. Virtex GRM
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(e) 24by24 Universal (f)24by24 XC4000-like Structure

# switch—-open
o net open
+ all faults(all pair bridge)

o switch-closed
< net(adj painbridge
& net(all pairjbridge

Routability for Various Structured Switch Block Aws [Different figures have different Y-axis ranges]

has 24 single line endpoints in each of the four ports,
therefore a total of96 endpoints. Each endpoint has
degreed = 3, thus the total number of switches id4
(considering only the switches connectisiggle linesin
Virtex architecture).

Virtex (with Hex Lines): We also included the model
of the Xilinx Virtex GRM with both single lines and
Hex lines connections. Besides the single lines, the Virtex
GRM also had 2 horizontal Hex line and 2 vertical Hex
lines routing signals to another switch bloékblocks
away. However since we only consider3ax 3 array

in this paper, we assume that the Hex lines connects
the switch blocks in column (row) to switch block in



column (row)3. The3 x 3 Virtex array with Hex lines are 8 x 8 Universal, Virtex with Hex lines, Virtex with only single
shown in Figure 6, where the Hex lines are represented liyes, 24 x 24 XC4000-like,24 x 24 Universal, and XC4000.
highlighted lines. Note that some of the Hex-Hex, Hex- Similar comparison has been considered for unconnectabil-
Single switches in this switch block are uni-directionalty. Again, the relative ordering of these architectures is
All Single-Single switches in all the different types ofconsistent for all fault models. The relative connectability
switch blocks considered in this paper are bidirectionabf these architectures in descending order (unconnectability
Universal: This universal structure has been proposdd ascending order) is as follows: Virtex with only single
in [2]. An 8 x 8 universal switch block3d2 endpoints) lines, 8 x 8 double-connected, Virtex with Hex lineg4 x 24

is shown in Figure 5(a). The degree of each endpoint ¥¥C4000-like,8 x 8 Universal, XC4000, and4 x 24 Universal.
three (similar to XC4000 and Virtex). This switch block Clearly, routability and connectability do not follow the
has48 switches. To compare this structure with the Virtesame ordering. For example, routability of tRex 8 double-
switch block structure, 84 x 24 universal switch block connected switch block is much higher than others, but
with 96 endpoints and 44 switches, is also considered.its connectability is even lower than Virtex's. This means
Double-Connected: To further investigate the effect of that some architectures offer higher performance in terms of
connectivity on the fault tolerance of the switch block, @soutability in the presence of faults, while others provide more
double-connectedniversal switch block is considered inconnectable pairs in the presence of faults. So, connectability
which each endpoint has a degreesofAs an example, a and high performance routing cannot be achieved at the same
4 x 4 double-connected switch block witt8 switches is time using these architectures. An FPGA user must consider
shown in Figure 5(b); each endpoint is connected to tvthis trade off based on the particular application and specific

endpoints in each other port.

fault tolerance requirements.

In simulation runs,1500 (source, destination) pairs were To further investigate the fault-tolerant capabilities of these
randomly chosen (i.eN, = 1500), and 100 fault patterns architectures in terms of ease of remapping a design to avoid

were randomly injected for each faulty situatiaN { = 100).

faults, the following variations of routability and connectability

The results are computed based on an average over these 3¢ also been considered and evaluated:

patterns in each case. .

All types of faults based on the fault models presented
in Sec. II.C are injected, namely switch stuck-open, switch
stuck-closed, net open, and net bridging (adjacent coupling
and random coupling) faults. Figures 7 and 8 show the results
of routability and unconnectability for each architecture based
on the different types of faults, respectively.

The results show that in all architectures, the most severe
fault is net bridging fault, while the least severe type is switch
stuck-open. The following is the order of faults based on
their impact on routability from the least to the most severe:
switch stuck-open, net open, switch stuck-closed, net bridging
(adjacent coupling), and net bridging (random coupling). This
ordering is consistent over all architectures. Hence, open faults
have far less impact on routability compared to short faults.
Moreover, adjacent and random coupling bridging faults are
almost indistinguishable in terms of routability. .

The results for unconnectability are presented in Figure 8.
As shown in these diagrams, the impact of switch stuck-open
faults on connectability is almost negligible, whereas random
coupling net bridging faults have the most severe effect.
Unlike routability in which random and adjacent coupling
have an indistinguishable impact, random coupling may or
may not look more severe than adjacent coupling in terms of
connectability depending on the architecture.

Figure 9 show the comparison of routability of different
architectures based on different fault models. As the routability
of the 8 x 8 double-connected architecture is much higher than
the others, it is not included in these figures. The ordering of
these architectures is consistent for all faults. As shown in
these diagrams, the relative ordering of routability of these
architectures in descending order §sx 8 double-connected,

Connectable Routability: The routability (metric 1)
was calculated based on an average over all randomly
generated pairs, regardless of the connectability of some
of these pairs. Alternatively, the average can be calculated
only for those pairs which are connectable in the fault-
free switch block. So instead of using Equation 2 for
routability, the following equation is used:

N,

Z\/[{ = AVGconnectable pairs( zl: Tl
For example, in the presence of 5 switch stuck-closed
faults in the XC4000, instead of computing the average
for all 1500 pairs, routability is calculated for only 185
connectable pairs. This metric shows the performance of
routing connectable pairs in the presence of faults. The
results are shown in Figure 10.
Connectability Rate: The connectability metric (M2)
shows the number of connectable pairs in the presence
of faults. These figures are biased due to the fault-free
unconnectability values. For fault-tolerance, it is also
interesting to consider the slope of these curves; i.e. the
rate by which unconnectability grows with an increase in
the number of faults. Although some architectures offer
higher connectability under fault-free conditions (i.e. to
provide more flexibility in mapping the design), this
ability may drop rapidly in the presence of faults. Hence,
it may be harder taemap the design to avoid faults.
Once the design is successfully mapped to the FPGA, the
slope of the connectability curve (i.eonnectability ratg,
shows the ease of remapping the design in the presence
of interconnect faults. The results for unconnectability
rates are shown in Table I. Smaller unconnectability rates

) ®3)
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indicate higher fault-tolerance. Unlike the previous cases,

the relative ordering of architectures is not the same fo
all types of faults. Among these architectures, the numbef
of unconnectable pairs doesn't increase with the number
of injected faults for the24 x 24 Universal (although
this architecture does not offer high connectability for the
fault-free conditions). Also, th& x 8 double-connected
architecture, which offers the best routability, has the|
highest unconnectability rate.

VI. CONCLUSIONS
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Unconnectability for Various Structured Switch Block Arrays [Different figures have different Y-axis ranges]
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number of injected faults

Switch | Switch Net Net Random
Open | Closed | Open | Bridge Faults
XC4000 0.031 | 1.071 | 0.776 | 1.245 0.969
Virtex 0.05 1.353 | 0.176 | 1.446 0.727
8by8Universal 0.196 | 3.842 | 2.723 | 4.542 3.426

24by24Universal 0 0 0 0
24by24XC-like | 0.062 | 0.818 | 0.173 | 0.871 0.453
8by8Double 0.249 4.37 1.904 | 4.49 3.078
Virtex(with Hex) | 0.030 0.63 0.11 | 0.662 0.316
TABLE |

UNCONNECTABILITY RATE OF DIFFERENTSWITCH BLOCK STRUCTURES

Defect and Fault tolerant schemes based on FPGA devices,
such as adaptive self-repair, are very dependent on the routabil-
ity of FPGA interconnect architecture. In this paper, a detailed
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study of FPGA interconnect architecture in the presence \@driations of these metrics which consider routability and
interconnect faults is presented. Two new metrics, routabiligpnnectability inremappinga design to avoid faulty elements,
and connectability, for evaluating fault tolerance of a switcare also considered.

block array are presented. The impact of different types of The proposed method is applicable to any switch-based
interconnect faults, including open and short faults in bo#PGA interconnection architecture; for each switch block
nets and programmable switches, on the probability to rowgucture, routability must be evaluated only once to fully
(routability) in a switch block array is investigated. Thesassess its fault tolerance.

metrics not only consider the connectability (i.e. the number This method has been used for evaluating different in-
of connectable pairs in the presence of interconnect faults) lgliconnect architectures in commercial FPGAs (such as the
they also take the performance of routing into account. Othgflinx XC4000 and Virtex) as well as academic FPGAs. It

Paper 16.3
487



has been shown that short faults have more severe impactational Symposium on Defect and Fault Tolerance in VLSI systems
on routability and connectability than open faults. It is also 3es-376, 1999.

Shown.that ConneCtab”ity_ doesn't guarantge rOUtabi”ty_ att I.Harris, R.Tessier, “Diagnosis of Interconnect Faults in Cluster-Based
same time. Hence, some interconnect archnectures which OMeEpGA Architectures”, Proc. Design Automation Conferencep.  49-
the maximum number of routable pairs, do not result in

more alternative paths with shorter lengths (higher perfor- 54,2000
mance) to achieve high routability for the connectable paifd® W-Huang, X.Cheng, F.Lombardi, “On the Diagnosis of Programmable
For some architectures which provide very high routability, Interconnect Systems: Theory and ApplicatiofPtoc. IEEE VLSI Test
their connectability reduces very quickly when increasing the Symposiumpp. 204-209, 1996.

number of faults. The distribution of the switches inside thg1] w.J.Huang, E.J. McCluskey, “Column-Based Precompiled Configuration
switch block plays a key role in routability and connectability. techniques for FPGA Fault Tolerancéroc. IEEE Symposium on Field-
Our simulation results show that different architectures with
the same number of switches have different routability al
connectability. There is a trade-off between routability an _ _ _
connectability which is determined by the switch block struc- YS9 @ Structured Walking-1 ApproactPyoc. VLS| Test Symposiuipp
ture. 256-261, 1995.

Also, it is shown that routability and connectability of d13] D.S.Johnson, M.Yannakakis, C.H.Papadimitriou, “On Generating All
particular architecture in mapping a design are not the samemaximal Independent Setsnformation Processing Letter27(3) pp.
for remapping that design. Variations of the two proposed 119-123, 1988.
metrics are used in order to assess the ease of remapl‘?iﬂﬂ W.-J.Huang, E.J.McCluskey, “Column-Based Precompiled Configura-
for self-repair applications. Our experiments show that the
relative connectability rateof different architectures, as a
connectability metric for remapping, is very sensitive to the
type of fault. [15] H.Michinishi, T.Yokohira, T.Okamoto, “A Test Methodology for Inter-

The metrics provided and evaluated in this paper considerconnect Structures of LUT-Based FPGA®1oc. Asian Test Symposiym
different aspects of fault tolerance and routability. The choice pp 68-74, 1996.
of the most appropriate architecture and the evaluation mge] S.Mitra, W.J. Huang, N.Saxena, S.Y.Yu, E.J.McCluskey, “Dependable

ric d?pends on the particular application and fault tolerancereconfigurable Computing: Reliability Obtained by Adaptive Reconfigu-
requirements of the system.

Programmable Custom Computing Machingg801.
] T.Liu, F.Lombardi, J.Salinas, “Diagnosis of Interconnects and FPICs

tion Techniques for FPGA Fault TolerancePyoc. IEEE Symposium on
Field-Programmable Custom Computing Machin2e01.

ration”, ACM Trans. Embedded Computing Systetosappear.
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