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Abstract

In this paper a novel programmable approach to execute implicit routing algorithms
is presented. The proposed router is based on an associative scheme that uses the at-
tributes of the routing algorithm and the interconnection network topology. In this
approach routing algorithms are mapped (or programmed) onto a set of bit-patterns
that are matched in parallel. To show the applicability of this router, we have selected
oblivious and fault-tolerant routing algorithms for 10 different tree interconnection
network topologies; however, the proposed scheme is flexible enough to accommodate
other network topologies and routing algorithms. For the studied topologies, the num-
ber of required bit-patterns is of the same order as the topology degree. The proposed
organization requires only one comparison and one read delays. This in turn yields a
high-speed port assignment that is comparable to single topology routers (non-flexible
routers). In the context of flexible router schemes, the proposed approach not only is
one of the fastest but also requires a very small amount of hardware for its implemen-
tation.
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1 Introduction

The interconnection network is often considered to be the critical element in a multiprocessor
computer due to the machine’s performance sensitivity to network latency and throughput
[2]. A large number of interconnection network topologies have been proposed and used



[5][16]; each network has features that make it suitable for a set of applications and algo-
rithms. No single interconnection network, however, has been widely accepted as suitable
for a large number of parallel computers and applications [16].

An interconnection network node has a router that provides a means of handling mes-
sages on the network. The router receives, forwards, and delivers messages as well as controls
message flow through the network. Based on a routing algorithm, the router system trans-
fers messages from its input ports to the proper output ports. Messages have two major
components: the header (H), which contains the destination node address, and the body
(B), which carries the message. Figure 1 shows a typical router system whose components
include: an input port, a routing algorithm decoder (often called router), a flow controller, a
switching network, and a set of output ports. The input port receives messages and handles
the communication protocol with the sender. The message header is sent to the routing
algorithm decoder which determines the output port the message should be sent to. The
switching network, which is set by the routing algorithm decoder, provides a path to all the
output ports. Messages are transferred in a manner dictated by the flow controller.
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Figure 1: Router system.

A crucial component of any large scale parallel machine is the routing algorithm [12].
Given the large number of interconnection network topologies, it is highly desirable to have
a reconfigurable router to provide flexibility to accommodate various network topologies and
support to carry out a number of different routing algorithms. This would not only allow a
single hardware design to be shared for a number of interconnection network topologies but
also allow the routing algorithm to be customized based on application requirements. As
routing delays tend to dominate transmission time [2], the performance of a reconfigurable
router should be comparable to a topology-specific router; flexibility should not come at the
expense of network performance. Thus, a reconfigurable router should provide expeditious
determination of the destination port to be comparable to specialized routers while providing
flexibility to accommodate modifications to a network and programmability to support a
number of routing algorithms.

There have been two major approaches to the realization of flexible routers. These
approaches are: dedicated processors [15][17] and look-up tables [18]. A dedicated processor
allows the bit manipulation that most routing algorithms require to be easily executed.
This type of router is able to accommodate a number of interconnection networks. Due to
the sequential execution of the routing algorithms, however, this approach results in slow



routers. Furthermore, the resulting router can be expensive in terms of hardware. On the
other hand, the lookup table approach requires the storage in memory of a predetermined
routing path for all possible destination nodes. Using lookup tables reduces the time of
determining the output port to a memory access delay. However, large tables are required
to store the routing information. In order to decrease the number of entries in each table
the interval routing approach has been proposed [21]. In this approach, each output port
is assigned with intervals of destination node addresses; thus, the message is routed to the
proper port according to the interval it belongs to. Drawbacks of this approach include that
a short path is not always provided, cyclic interconnections are difficult to map, and adaptive
routing may not be possible [4].

In this paper we present a novel router approach that provides flexibility to execute
implicit routing algorithms as well as fast execution that is comparable to the look-up table
systems. This is done by incorporating a pattern matching array that stores few bit-patterns.
These bit-patterns are used to compare in parallel a number of potential routing alternatives;
this implements the bit manipulation that is required to execute a routing algorithm. The
number of entries in the pattern matching array is of the same order as the number of output
ports. The proposed approach tends to map implicit routing algorithms onto an extremely
small array. The chosen path is determined by a selection function.

A study of this approach as it applies to a large number of tree interconnection networks
using oblivious and fault-tolerant routing algorithms is reported in this paper. Tree intercon-
nection networks have been chosen to show the capabilities of the proposed router because
they tend to have more lengthy and complex routing algorithms than other interconnection
network topologies [17]. The approach, however, is not limited to tree interconnection net-
works. In [20] the mapping of routing algorithms for 37 interconnection network topologies
is shown. In this paper as well as in [20] it is shown that the same design is used for all the
interconnection networks; this is turn leads to a single hardware design for a large number
of interconnection networks with an arbitrary number of nodes.

This paper has been organized as follows. The proposed router organization along with
its features are described in Section 2. In Section 3 we show the capabilities of the pro-
posed approach with a detailed description of the mapping of three tree interconnection
network routing algorithms: the binary tree algorithm, and oblivious hypertree algorithm
and a fault-tolerant hypertree algorithm. A summary of the results for all the studied tree
interconnection network topologies is included. A comparison with other flexible routing
approaches is provided in Section 4. Some concluding remarks are included in Section 5.

2 Bit-Pattern Associative Router

The proposed bit-pattern associative router scheme has been designed to support intrinsic
routing algorithms which are used in most router schemes. In intrinsic routing the topological
characteristics of the interconnection network are inherent in the network addressing scheme.
Sets of bits in a node’s address contain information about the node’s position in the network
and the topology. To make a routing decision, a routing algorithm examines the status
of these bit fields in the destination node address. An output port is chosen based on a
comparison with the corresponding fields in the current node address. The current and



destination node addresses contain sufficient information to make a routing decision.

2.1 Bit-Pattern Associative Router Approach

In this section we present the basic requirements for executing intrinsic routing algorithms
and how these requirements are fulfilled by the bit-pattern associative router. Using intrinsic
routing algorithms to determine the output port requires consideration of the following two
issues:

e Some addressing bits need be ignored depending on the current and the destination
nodes. A routing algorithm examines the status of addressing bits that are of impor-
tance to determine the output port. This is accomplished by discarding the bits that
provide no useful information because of the current node’s position in the network.

e An output port should be selected. A number of routing alternatives may be available
between source and destination nodes. Choosing an output port may be determined
by the need to provide a short path as well as deterministic algorithm execution. This
in turn requires a selection approach to favor a port that would yield a short path; this
feature should be included in the scheme. In the case of the processor this priority is
determined by the program sequence.

The proposed bit-pattern associative router addresses these issues by providing a bit-
pattern matching mechanism that allows all the alternatives to be considered in parallel.
Figure 2 shows the basic scheme of bit-pattern associative router. The modules along with
the mode of operation for this router are described below.

1. Destination address used as input. The destination address is passed to the router
by an input port (this destination address is part of the header of a message). This
address becomes the search argument for the pattern associative mechanism.

2. Routing Function. The destination address is compared to the current address by
means of a bit-pattern matching mechanism (explained in detail later). An associa-
tive computation with all the bit-patterns is performed to determine potential routing
paths.

3. Selection Function. If more than one condition is satisfied only one assignment should
be processed based on a priority scheme. For an oblivious router, the other matches
are ignored. For an adaptive router, the other matches may be selected as alternatives
to the port assignment.

4. Qutput port assignment. The output port assignment is made by selecting the output
port associated with the selection condition.

The patterns stored in the bit-pattern match unit allow the router to make a decision
about the destination port based on the routing algorithm. The address of a destination
node D (dp_1,-..dy) needs to be compared to the current node’s address C' (¢,_1,..-.¢)- A
routing algorithm compares the bits of the two addresses; some bits are ignored since they
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Figure 2: Bit-pattern associative router scheme.

do not affect the current routing decision. These “don’t care” bits usually occur at different
positions for each potential path being considered and must be customized according to
the routing algorithm requirements. This in turn imposes a requirement for the bit-pattern
matching unit to include “don’t care” bits at different positions in each entry. To provide
the flexibility required to support multiple interconnection networks and routing algorithms
the routing function must be programmable. In the following sub-section we show how
some basic programming statements can be implemented using the bit-pattern associative
approach.

2.2 Routing Function Programming Using a Bit-Pattern Asso-
ciative Approach

To implement or execute a routing algorithm, it is necessary to map such algorithm onto
the proposed bit-pattern associative approach. Mapping could be considered as coding the
algorithm onto a program. In this section, we introduce some of the basic programming
statements that are present in most routing algorithms [17]. In Section 3 we provide specific
examples of how these statements can be used and translated onto a set of bit-patterns.

IF_THEN Statement Each entry in the bit-pattern matching unit could be considered as
an [F_THEN statement. This statement has the form

IF condition THEN assign(port).

The condition is true when S(D) = S(C), where S(D) specifies the selected bits from
the input to the matching unit (which is usually the destination address) and S(C)
specifies the corresponding bits from the current bit-pattern (which is usually based on
the source address). This condition requires that all the corresponding selected bits of
D and C be equal. By allowing [ ] to express a logical AND operation of all the terms
we have that
n—1
condition = H (si . (di ¢ +d -Ei) + Ei) , (1)
i=0
where s; represents the selection condition for bit position 7. The ability to select each
bit position allows the condition to take the form of a single field comparison or a



compound expression composed of several fields logically ANDed together. In the bit-
pattern associative router, the statement to be conditionally executed takes the form
of an output port assignment in the port assignment memory.

A composed condition that requires an OR combination of two conditions has the
following structure:
IF (condition; OR conditiony ) THEN assign(porta).

This composed condition requires two IF_THEN statements to execute as follows:

IF condition; THEN assign(porta)
IF condition, THEN assign(porta)

If either condition evaluates true then the port assignment is made.

IF_THEN _ELSE and CASE Statements The IF_THEN statement can be extended to
form more complex control structures that the bit-pattern associative router can exe-
cute. An IF_THEN_ELSE structure of the form

IF condition; THEN assign(ports) ELSE assign(portg)

requires two bit-patterns to execute. The evaluation of the condition is the same as
that in the [F_THEN statement; using a similar notation we have that

n—1
COTLdit’iOTLj = H (Sj,i . (dz *Cji + Ez . Ej,i) + gj,i) y (2)
i=0
where the subscript notation (j,7) indicates the bit ¢ of bit-pattern j. The ELSE part
of the structure is implemented by setting s;;;, = 0 for 0 < k <n — 1 such that

H (gj—kl,k) =1 (3)

Although the IF and ELSE conditions are evaluated in parallel, the selection function
ensures deterministic execution by imposing a priority on the bit-patterns; thus, the
ELSE statement will only be executed if the condition evaluates to false. An extension
of the IF_.THEN_ELSE control structure may contain several nested IF_THEN_ELSE
statements. This structure has the form:

IF condition; THEN assign(port;)
ELSE IF conditiony THEN assign(ports)

ELSE IF conditiony THEN assign(porty)
ELSE assign(porty1)



Each of the ELSE IF statements can be implemented with one bit-pattern. The con-
ditions are set as follows:

condition; = H?:_()l (sl,i . (di “Cli+ @, . El’i) + EM)
conditiony, = H?:_Ol (SQ,Z’ . (di ~Coi+d; - CQ,Z') + 82’1’)
: (4)
L. n—1 [ — —
conditiony = [[;_, (sN_,Z- . (di “eng +di cN,i) + sN,Z-)
conditiony 1 = Z;(l) (5N+1,lc) =1
Although all the conditions are evaluated in parallel, the selection function enforces
the sequence of the structure. A CASE statement can be coded onto the bit-pattern
associative router using this IF_THEN_ELSE structure coding.

Iteration Structures A number of routing algorithms may be expressed in a loop form
to avoid repetitious code sequences. Iteration structures can be coded onto the bit-
pattern associative router by unrolling the loops. Each iteration of the loop is executed
in parallel and determinism is maintained by the selection function. The format of the
iteration structures is similar to Eq. 4.

3 Mapping of Implicit Routing Algorithms For Tree
Networks

In this section we present the mapping of implicit routing algorithms onto the proposed
bit-pattern associative router. Mapping an algorithm onto the proposed router results in a
set, of bit-patterns that implements the algorithm. The mapping of an algorithm is obtained
through a study of the interconnection network features, node labeling scheme, and routing
algorithm requirements.

Without losing the generality of the proposed approach, we present a set of routing appli-
cations of the proposed bit-pattern associative router scheme: tree interconnection network
routing algorithms. Tree interconnection networks have been chosen to show the features of
the proposed router scheme because they tend to have more lengthy and complex routing
algorithms [17]. A tree interconnection network is a static topology network, which is char-
acterized by a one-to-many relationship among its component nodes. The structure consists
of a unique first node, called the root, to which may be connected several successor nodes.
Each of these nodes, in turn, may have several successors, and so on.

The logical organization of tree networks is hierarchical in nature. Thus, each node may
be viewed as residing on a particular level of the tree. The root is at the top level; the root’s
successors are located on the second level. The hierarchical structure continues at each level
such that a node at level n has its successors at level n + 1. Terms such as parent, child,
sibling, descendent and ancestor are commonly used to specify the relationship of different
nodes in the hierarchical structure. A subtree is defined as a node taken together with all of
its descendant nodes.

Algorithms that map naturally onto a tree structure would run efficiently on a parallel
computer whose processors are hierarchically interconnected. These algorithms decompose



naturally onto the hierarchical structure of tree machines and include: searching, sorting, and
other dictionary and database operations image and signal processing operations and neural
networks [1][8][14]. Tree machines are also well suited for reduction, divide-and-conquer, and
dataflow programming paradigms [8][10][14]. Examples of tree machines include DADO2 and
Non-Von [8] and the Connection Machine 5 [13].

In Section 3.1 the characteristics common to all oblivious algorithms as they pertain to
the proposed approach are discussed. Detailed mappings of three tree routing algorithms are
presented in the following sections. In Section 3.2 we study an oblivious implicit routing in
the binary tree network. This forms the foundation for the mapping of the other tree inter-
connection networks. Mapping a routing algorithm for the hypertree network is developed
by extension of the mapping of the binary tree in Section 3.3. A fault-tolerant hypertree
routing algorithm is examined in Section 3.4. We have selected these examples to show the
capabilities of the proposed scheme. It is possible to map the routing algorithms of other
topologies. Routing algorithms for 37 interconnection networks have been mapped onto the
proposed router and reported in [20]. In Section 3.5 we present a summary of the results for
the tree interconnection networks.

3.1 Routing on the Bit-Pattern Associative Router

A routing algorithm always yields the same path for a given source-destination node pair
and network status (for adaptive and fault-tolerant routing). This deterministic nature of
routing algorithms imposes a fixed priority of the alternative paths. Thus, the selection
function needs to implement a priority approach. In each entry of the bit-pattern match
unit a different bit-pattern (based on the current node’s address) is stored. Figure 3 shows
how the patterns and the port assignments are stored in the router. The numbers that
are shown at the left of the patterns represent the fixed priority; the bit-pattern with the
highest priority is given label 1 while the lowest is assigned label M. The highest priority is
usually assigned to the most specific of the matched bit-patterns and the lowest to the most
general. The representation shown in Figure 3 is used in the rest of this study. For the sake
of simplicity the destination address and the output port specifier will not be shown.

| Destination Address| Output Port Specifier |
N

1 Bit pattern 1 Port Assignment 1
priority < 4 Bit Pattoern 2 Port Assignment 2
M Bit Pattern M Port Assignment M

Figure 3: Bit-pattern and assignment entries and their priority.

3.2 Mapping of an Oblivious Binary Tree Routing Algorithm

The binary tree structure is the fundamental building block for most of the tree networks [10].
The binary tree structure is distinguished from that of the generalized tree structures by the



fact that no node has more than two children. These two children are commonly referred as
the left and right child of the node. The left (or right) child and its descendants are referred
to as the left (or right) subtree of the node. Without losing generality we have adopted the
odd-even addressing scheme proposed by Horowitz and Zorat [10]. In this scheme, each node
address has the format (0,...0,1, ¢, 1,...cy), where the leftmost "1’ bit is referred to as the
leading 1 and the bits (cx_1,...co) are referred to collectively as the significant portion of
the node address. The root is assigned the address of (0...0,1). As the tree is traversed
downward, the address of each parent node is modified and passed on to its children. The
leading 1 of the parent’s address is replaced with a ‘0’ if the address is being determined for
the left child or with a ‘1’ if it is for the right child. A new leading 1 is then appended before
the significant portion of the node address. A labeled binary tree with four levels is shown
in Figure 4(a), where the levels are numbered starting with the root level as zero.

The routing algorithm for the binary tree is described in [10]. In this algorithm, a message
is first routed up the tree to a subtree containing the destination node. Once the correct
subtree is reached, the algorithm sends the message down through this subtree towards it
destination. We refer to these as the upward and downward phases of the algorithm. For
a message arriving at node C' (0,...0,1,¢, 1,...¢o) on level k destined for another node D
0,...0,1,d, 1,...do) at level n a distributed routing algorithm is shown in program-like
fashion below.

BEGIN
CASE_OF k
(k=n): IF(D =0C)
THEN: assign(thisnode) Assignment 1
ELSE: assign(parent) Assignment 2
(k > n): assign(parent) Assignment 3
(k <n): IF ( D is in the subtree of C')
THEN: IF( D is in the left subtree of C')
THEN: assign(left) Assignment 4
ELSE: assign(right) Assignment 5
ELSE: assign(parent) Assignment 6
END_CASE
END.

The algorithm consists of conditional program statements. Each of these program state-
ments is associated with a potential output port assignment that could be made by the
algorithm. These potential assignments are shown to the right of the algorithm. To map
this routing algorithm onto the bit-pattern associative router, each conditional program
statement needs to be expressed as a bit-pattern. This is accomplished using the properties
of the addressing scheme. The conditions required by this algorithm include:

e Comparing the levels of the source and destination node addresses. The number of bits
in the significant portion of a node address is equal to the level number. Thus the posi-
tion of the leading 1 indicates a node’s level in the tree. For node C (0,...0,1, cx—1, ... co)
at level k£ the leading 1 occurs at position k. If nodes D and C' are at the same level
(k = n), then their leading 1 must occur at the same bit position. If node D is higher
(lower) in the tree than node C, then the bit position of the leading 1 in the address
of D is to the right (left) of the leading 1 in the address of C.

9



o Determining if a destination node is in the current node’s subtree. In this addressing
scheme, the child node inherits the significant portion of the parent’s address. All
nodes in the subtree of node C (0,...0,1,ck_1,...co) will have the bits (cx—_1,...¢) in
common. Furthermore, a node in the left subtree of C' will have (¢, = 0) and a node
in the right subtree will have (¢, = 1).

The bit-pattern entries for this binary tree routing algorithm are given in Figure 4(b).
Assignment 1 in the algorithm routes messages destined for the current node. The bit
pattern corresponding to this condition is the current node’s address. This is shown in the
first entry in Figure 4(b). Assignment 2 requires the destination node to be on the same
level in the tree hierarchy; thus (k = n) and the destination address word is led by 0’s up
to diy1 with (dy = 1). The remaining bit positions are not important to the determination
of the output port and are set to the “don’t care” condition. This results in the bit-pattern
(0,...0,1, X 1,...Xp). Assignment 3 requires the destination node to be higher in the
hierarchy (k£ > n); in this case the destination address word is led by 0’s at least up to d.
This results in the bit-pattern (0,...0,0, X; 1,...Xp). Since assignments 2 and 3 result in
the same output port and the bit-patterns differ only in position dy they can be combined
into one pattern with dj set to “don’t care”. This is shown as entry 2 in Figure 4(b).

Assignments 4 and 5 ( entries 3 and 4 in Figure 4(b), respectively) require the destination
node to be within the current node’s subtree (dg_1,...dy = cx—1,...¢y). Here, the bit dj
is checked to assign the output port (left or right). The remaining bit positions are set to
“don’t care”. If none of the above conditions are met, then the destination is at or below
the level of the current node and falls within a different subtree. In this case the message is
sent to the parent port (assignment 6). The last bit-pattern will be selected if none of the
other bit-patterns match.

1 Level O 11 0..0 4% 1i ck1 ... Co| thisnode
/\ 20,0 Xi X ... X| paent
/O\ /l\ Level 1 3[ X..X1i 0 cka co| left
4 X..Xi 1% Cckt ... Col| right
AR A e 5| X. X1 Xi X .. X| paent
100011001010 11101001 11011011 1111 Level 3 m k k-1 0
(a) Node addressing in a binary tree. (b) Binary tree bit-patterns.

Figure 4: Mapping of an oblivious routing algorithm for the binary tree.

The same set of bit-patterns can be used to route messages in a fat tree interconnection
network [18]. For a general m-ary tree, each bit ¢; in Figure 4(b) is replaced by [log,(m)]
bits. The number and structure of the patterns would remain the same.

3.3 Mapping an Oblivious Hypertree Routing Algorithm

A hypertree interconnection topology is a binary tree network augmented with additional
horizontal connections called n-cube links [9]. The hypertree structure is shown in Figure 5.
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An n-cube link provides an interconnection path between two nodes in different subtrees at
the same level of the tree structure. The addresses of these two nodes differ in only one bit.
Using the same addressing scheme as the binary tree, we have that for a node C' at level
k (0,...0,1,¢5 1,...Ci11€iCi1,-..Co) the node connected by an n-cube link to node C' will
have address B(0,...0,1,bg_1,...bi11bibi—1...by) , where b; # ¢; and b; = ¢; for all j # i.
We refer to B as the hypernode of C. The bit position in which the two node addresses
differ is based on the type of hypertree as well as the level in the tree at which the nodes
reside. Details can be found in [9].

1
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(J 100 1100 Omo
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1000 1100 1010 1110 1001 1101 1011 1111

Figure 5: Hypertree interconnection network.

We have adopted the oblivious routing algorithm for hypertree presented in [9]. This
routing algorithm is based on the binary tree with provision made for the n-cube links. As
in the basic binary tree algorithm, messages are routed up the tree to a subtree containing
the destination node. During this upward phase of the algorithm, however, an n-cube link is
traversed if it reduces the Hamming distance between the source and destination addresses.
This has the effect of shortening the path between source and destination nodes.

To map this routing algorithm onto the pattern associative router the binary tree bit-
patterns in Section 3.2 can be used to implement the binary tree portion of the algorithm.
These bit-patterns are augmented to allow the use of an n-cube link during the upward phase
of the algorithm. The conditions required to use an n-cube link are:

e The Hamming distance between the addresses of the current node C and the destination
node D must be greater than that between the addresses of B (the hypernode of C) and
D. The addresses of nodes B and C differ only in bit position i. Let d(x,y) represent
the Hamming distance between the addresses of nodes z and y. Then d(B,D) <
d(C, D) requires d; = b; or, alternatively, d; # ¢;.

e The routing algorithm must be in its upward phase. For the routing algorithm to be in
its downward phase, node D must be in the subtree of node C. This requires that the
bits of D and C corresponding to the significant portion of the address of C' be equal.
Since bit position i falls within the significant portion of the address of C, d; # ¢; is
sufficient to ensure that the algorithm is in it upward phase.

The condition to use an n-cube link can thus be represented by the bit-pattern (X, ... X¢; X, ... X).
The set of bit-patterns to implement this hypertree routing algorithm are shown in Figure 6.

11
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Figure 6: Hypertree Bit pattern set.

3.4 Fault-Tolerant Hypertree Routing Algorithm

In an oblivious routing algorithm the n-cube links in the hypertree structure are used to
provide shorter paths between nodes as well as to distribute message traffic more evenly
throughout the network [9]. The n-cube links can also be used to provide alternate paths to
implement adaptive and fault-tolerant routing algorithms. In this section we consider the
mapping of a fault-tolerant algorithm for the hypertree interconnection network onto the
bit-pattern associative router. This algorithm has been included to show the flexibility of
the proposed approach. For simplicity, a partially fault-tolerant algorithm has been chosen;
this algorithm is tolerant to any single link failure in the upward phase of the oblivious
hypertree algorithm. The partially fault-tolerant algorithm is based on an algorithm in [9]
that is tolerant to any single link fault; the mapping of this algorithm can be found in [20].

The fault-tolerant routing algorithm considered here is based on the oblivious hypertree
routing algorithm presented in Section 3.3. This algorithm is tolerant to any single link
failure during the upward phase of the hypertree routing. Under normal network conditions,
a message is routed according to the hypertree routing algorithm. When a faulty link is
encountered during the upward phase of the algorithm the message is sent on a detour
around the fault. If a faulty n-cube link is encountered in the upward phase of the routing,
the message is routed around the fault by reverting to the binary tree routing algorithm (it
is sent to the parent of the current node). At the next node on the path the message resumes
the normal hypertree routing. If a faulty tree link is encountered during the upward phase,
the message is routed first to the hypernode and then one level up the tree. With the fault
bypassed, the normal hypertree routing is resumed. Note that unlike the detour around a
faulty n-cube link, the detour around a faulty tree link is a two hop detour. The hypernode
on the detour must know that the message it has just received is on a detour. Without
this information, the message would be returned to the node with the fault (via the normal
hypertree routing algorithm) and a livelock condition would exist.

To map this routing algorithm onto the bit-pattern associative router the hypertree bit-
patterns in Section 3.3 will be augmented with bit-patterns to provide support for the de-
tours. A fault-tolerant algorithm requires knowledge of the fault status of the node links.
This algorithm requires information of faults local to the current node. In any routing ap-
proach, this information must be provided to the router. The condition required by the
fault-tolerant algorithm is:

12



o Determining whether a message is on a detour. Although this information could be
explicitly carried in the message header, this requires modifying message headers. An-
other approach is to infer whether a message is on a detour based on the input port
from which the message has arrived as well as information on the destination node
address. In this routing algorithm the only multiple node detour is that around a tree
link. When the message arrives at the hypernode of the node with the faulty link,
the hypertree routing algorithm will tend to send the message back across the n-cube
link. Since this condition could never occur in the oblivious hypertree algorithm, its
existence implies that the message is on a detour.

The bit-patterns for the fault-tolerant hypertree algorithm are shown in Figure 7. In
addition to the destination address, the link fault status as well as the input port from
which the message has arrived are used as input to the router. It should be noted that this
additional information requires no hardware modification to the proposed router approach;
additional information is simply provided as input to the router. Routing around a faulty
n-cube link is accomplished by bit-pattern entry 3. If the n-cube link is faulty and the
condition for using the n-cube link in the hypertree algorithm is met, then the message is
routed to the parent of the current node. Routing around a faulty tree link is handled by
entries 1, 5, and 9. Entries 5 and 9 route the message to the n-cube link if the parent link
is faulty and the destination address meets one of the conditions for using the parent link
in the hypertree routing algorithm. Entry 1 matches the condition that the message has
arrived from the n-cube link and the destination address of the message meets the condition
for using the n-cube link. This indicates that the message is on a detour around a faulty
tree link and should be routed up the tree. The remaining bit-pattern entries correspond to
the oblivious hypertree routing algorithm. This partially fault-tolerant algorithm requires
10 bit patterns to implement. A fully fault-tolerant algorithm for the hypertree network
[20] requires 15 bit-patterns to map onto the bit-pattern associative router. Both algorithms
map into O(degree) bit-patterns.

Adaptive routing algorithms are mapped onto the bit-pattern associative router using a
method similar to mapping fault-tolerant algorithms. In this case, the input to the router
would consist of the destination address and network status information required by the
algorithm. An example can be found in [20].

3.5 Summary

In Table 1 we include the number of patterns required to implement an oblivious routing
algorithm as well as the degree for 10 tree interconnection networks we have studied. The
details of the mapping of these networks can be found in [18][19].

We have considered the output port to the current node as contributing to the node
degree since it represents a routing alternative. Using these values we have computed the
ratio between the number of patterns and the degree. The degree of a node represents all
potential routing alternatives. This in turn represents the minimum number of patterns that
a routing algorithm can be mapped onto. The number of patterns required to implement
an oblivious implicit routing is O(degree) for each the studied networks. The results for 37
interconnection networks which include the tree, cube, array and multistage interconnection
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Figure 7: Bit pattern set for fault-tolerant hypertree routing algorithm.

networks can be found in [20]. The average ratio between the number of patterns and degree
for all the studied interconnection networks is 1.35 [20]. The average ratio for the tree
interconnection networks listed in Table 1 is 1.72. This clearly indicates that the proposed
router approach tends to map implicit routing algorithms onto a very small number of bit-
patterns.

Table 1: Bit-pattern and degree characteristics of tree network topologies [20].

| Topology | Patterns |  Degree | Ratio |
Binary tree, Fat tree ) 4 1.25
General m-ary tree m+3 m+1 ~1.0
Hyper tree 6 5 1.2
Flip tree max(trees+1,8) | max(trees,4) | 2.0
Tree w. ring 9 6 1.5
Tree w. half ring 8 5 1.6
Quadtree 7 6 1.17
Diamond 9 4 2.25
Tree of Meshes 9 5 1.8

4 A Comparison with Other Flexible Routers

In this section we compare the proposed bit-pattern associative router with other flexible
routers. These flexible routers include the dedicated processor, look up table, and interval
routers. In the dedicated processor routing approach [15][17] a customized processor is
used to execute routing algorithms. The ability to store programs and execute algorithms
allows this type of router to accommodate a large number of interconnection networks.
The time to compute a routing algorithm is not only long due to the sequential execution
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but also is unpredictable due to the dynamic instruction count variations. An oblivious
routing processor architecture that provides flexibility to support over 40 interconnection
networks has been reported in [17]. In this approach the average static instruction count
required to implement a routing algorithm is of the order of 20 instructions. This figure
does not account for the variation in program length due to network size [17]. In addition,
the routing algorithm execution delay can vary significantly with each invocation of the
same algorithm since the dynamic instruction count is dependent on program input and
the program sequence. The dedicated processor routing approach yields larger execution
delays with higher hardware requirements than the other flexible routers. Since the routing
algorithm execution lies on the critical path [2], the latency of this approach tends to be
dominated by the this delay. For these reasons we do not consider this approach any further.

Look up table routers require tables of O(NN) entries at each node, where N is the
number of nodes in the system [4], to store a routing path to each possible destination
node. To reduce the size of the look up tables, van Leeuwen and Tan [21] introduced the
interval routing. This method allows the table size to be scaled down to O(d), where d is
the node degree. This method relies on adapting a suitable labeling scheme. The nodes
have to be labeled in an order that allows the output ports of a node to uniquely identify
ranges of addresses. Thus an interval of addresses can be associated to each output port.
The destination address of a message is evaluated to determine which range contains that
address. The output port is then assigned based on the results of the comparisons with the
limits of each range. Figure 8 illustrates a binary tree addressed and labeled according to an
interval routing scheme. The nodes are assigned sequential addresses, starting with 1, using
a depth-first-search technique. Interval routing is considered as an explicit routing algorithm
since each port has been assigned with a specific set of interval addresses. The topology of
the interconnection network is not taken into account when selecting the output port. The
interval routing algorithm is being used by INMOS to form the interconnection network for
multiprocessor Transputer-based systems [11]. Potential drawbacks of the interval routing
approach include: minimum distance path is only possible for a subset of interconnection
networks [4], inserting a new node in the network usually results in a new labeling of the
nodes and new assignment of ranges [21], and single assignment from a number of potential
routing paths is obtained [4].

The bit-pattern associative router can execute any interval routing. The bit-patterns
associated with each output port are based on the node ranges assigned by the interval
routing. Specifically, each output port is assigned a switching function fp() of the n bits of
the destination address D such that
0 if D is not in an interval associated with port P,

Ip(dn-1; -z, . do) {1 if D is in an interval associated with port P.

When placed into a sum-of-products form, the function can be seen as the composed
condition of several compound bit fields logically ORed together. As shown in Section 2,
this structure can be programmed onto the bit-pattern associative router by assigning a
bit-pattern to each product term of the expression. The expressions can be minimized to
reduce the number of entries.

As example of this approach we show the mapping of the interval routing for node 4. The
interval routing table is summarized in Figure 9(a) and the bit-patterns to implement this
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Figure 8: Binary tree addressed and labeled according to an interval routing scheme.

interval routing are in Figure 9(b). The first interval represents routing to the left child node
and the function for that node can be specified as fiefi(dn—1,dn—2...do) = 1; D € {1,2,3}.
Given that address (0) is not used in this interval routing and can be considered as a “don’t
care”, fier+(D) = (0000 + 0001 + 0010 4+ 0011) = 00X X. This corresponds to bit-pattern
1 in Figure 9(b). The second interval is a single address which specifies the current node.
Thus feurrent(D) = 0100, shown as the second bit-pattern in Figure 9(b). The third interval
specifies that frign:(D) = (0101 + 0110 + 0111). , corresponding to bit-pattern 3. Note that
since this is an oblivious routing, the priority function eliminates node address 4 from further
consideration, allowing it to be used to simplify the expression for f,;gn:(D). Thus, the third
interval can be specified as frign:(D) = (0100 + 0101 + 0110 + 0111) = 01X X. The last
interval defines fparent(D) = 1X XX, shown as the last bit-pattern in Figure 9(b). Using
this method, any routing algorithm for any node addressing scheme and network topology
can be mapped onto the proposed router.

1| 1<D<3 left 1] 00XX left

2 this node 2 0100 this node

3 <D<7 right 3 01X X right

4] 8<D<15 parent 4 IXXX parent
(a) interval table. (b) corresponding bit patterns

Figure 9: Mapping an interval routing on the bit-pattern associative router.

Table 2 provides a comparative list of features for the bit-pattern associative, interval, and
lookup table routings. It can be observed that the topology of the interconnection network
plays a key role in the determination of the output port for the pattern based approach; this
topology is stored in the bit-patterns. This in turn provides expandability to our approach;
more nodes could be added to the network with minor modifications. These modifications
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Table 2: Comparison of the flexible routing schemes.

Feature Bit-Pattern Processor Lookup Table Interval
Associative
Routing algorithm implicit implicit explicit explicit
Stored data bit-patterns instructions addresses addresses
Storage Requirements O(degree) Program Size O(network size) O(degree)
Expandability minor minor reprogram & relabel all node
requirements expand tables | addresses & ranges
Assignment delay 1 comparison | Requires sequential 1 decode 1 comparison
and 1 read | algorithm execution and 1 read and 1 read
Programmability yes yes yes yes
Alternative paths yes yes no no

occur mainly at the nodes that the expansion nodes are connected to. For the interval and
look up table routing approaches, all the intervals or look up tables need to be modified for all
the nodes because of a complete relabeling of the entire interconnection network. Using the
pattern based approach it is possible to generate alternative paths; in this paper, we have
not discussed this feature. The three approaches have a similar assignment delay, which
makes them have a comparable performance as the dedicated routers. The look up table,
due to the large number of stored entries, requires much more hardware as the network
becomes large. The bit-pattern associative approach, with its programming capabilities,
imposes fewer restrictions than the interval or look-up table approaches.

5 Concluding Remarks

In this paper we have presented a novel routing algorithm decoding scheme that is applicable
to a wide range of interconnection network topologies. To show the capabilities of the
proposed approach, we have studied implicit oblivious and fault-tolerant routing algorithms
for tree interconnection network topologies. A list of the main features of the proposed
bit-pattern associative router is provided below.

o A wide range of implicit distributed routing algorithms can be implemented. In this
paper, implicit tree routing algorithms have been mapped onto bit-patterns. However,
we have performed a broader study of 37 interconnection networks which includes cube,
array, multistage, and tree network topologies [20]. The output port is determined on
the basis of the current node address, destination node address, and the interconnection
network structure.

e Routing algorithms are mapped onto O(d) bit-patterns. For all the studied networks,
the number of bit-patterns required to implement the routing algorithms is O(d), where
d is the node degree. Each reachable non-redundant port in a node has to be considered
for assignment at least once in any routing scheme. This in turn imposes a minimum
bound on the number of entries equal to the node degree. The average ratio between
the number of patterns and degree for the tree topologies is 1.72; however, for all the
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studied interconnection networks is 1.35 [20]. Thus, the proposed approach tends to
map routing algorithms into a number of entries very close to the smallest number.

e The pattern-based router requires one comparison and one read delays. Since the bit-
pattern match can be done in parallel, the proposed approach requires 1 comparison
delay. Once a match is found 1 read delay is required to get the assigned output
port. Within the flexible and programmable router schemes, the proposed bit-pattern
associative is one of the fastest approaches.

e Network expandability needs no address reassignment or bit-pattern modification. For
all the studied topologies, generic bit-pattern sets have been developed to accommo-
date the specified routing algorithm for arbitrary network sizes. Network expansion
(as allowed by the topology) requires no modification of the bit-pattern sets or node
addresses.

We have introduced the bit-pattern associative routing approach in this paper. As an
example of its applicability the mappings of a number of routing algorithms for tree topologies
have been reported. This approach is not restricted to oblivious and fault-tolerant routing
algorithms. Adaptive routing algorithms [2][3][7] can be mapped as well by using the status
of the output ports as part of the input to the bit-pattern associative router. This router
has been implemented on a custom VLSI chip and tested; results are reported in [6].
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