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Abstract

A programmable associative approach to execute implicit routing algorithms is presented. Algorithms are mapped onto a set
of bit-patterns that are matched in parallel. We have studied and mapped a large number of routing algorithms for a wide range
of interconnection network topologies. Here we report three cases that illustrate the capabilities of the router scheme. For the
studied topologies, the number of required bit-patterns is of the same order as the topology degree. The proposed approach is one
of the fastest routers and requires a very small amount of hardware.
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I. INTRODUCTION

A number of interconnection network topologies have been proposed and used [10]; each network has features that
make it suitable for a set of applications and algorithms. The interconnection network is often considered as the critical
element in a multiprocessor machine due to the machine’s performance sensitivity to network latency and throughput.
An interconnection network node has a router that provides a means of handling messages 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 transfers messages from its input ports to the proper output ports. Messages usually
consist of two major components: the header (H), which contains the destination node address, and the body (B), which
carries the message. Figure 1 shows a 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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Fig. 1. Router system.

A crucial component of any large scale parallel machine is the routing algorithm [8]. Given the large number of
interconnection network topologies, it is highly desirable to have a reconfigurable router. Such a router should provide
flexibility to accommodate various network topologies and support to carry out a number of different routing algorithms.
In addition to the routing algorithm execution, a flexible router has to be able to accommodate a number of routing
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requirements including: expeditious determination of the destination port (to be comparable to specialized routers),
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 pro-
cessors [9][11] and look-up tables [13]. A dedicated processor allows 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. To decrease the number of entries, the interval routing approach was proposed [16]. 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 [2].

In this paper we present a novel router approach that provides not only flexibility to execute implicit routing algorithms
but also 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. In this paper we report a study of this approach as it applies to a large number of interconnection network
routing algorithms. The set of studied interconnection networks includes four major categories: tree, cube, array, and
multistage. It is shown that the same approach 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 II. In Section III we show the capabilities of the proposed approach with detailed descriptions of the mapping of
both oblivious and adaptive routing algorithms onto the proposed router architecture. A comparison with other flexible
routing approaches is provided in Section IV. Some concluding remarks are included in Section V.

II. 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. Since the topology is inherent in the addressing scheme, the current and destination node
addresses contain sufficient information to make a routing decision.

A. 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:

o 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 importance 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.

o 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 in [3][15]). An associative 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. Output port assignment. The output port assignment is made by selecting the output port associated with the
selection condition.
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Fig. 2. Bit-pattern associative router scheme.

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 (d,,_1,...dp) needs to be compared to the current
node’s address C(¢p—1,-..¢p). A routing algorithm compares the bits of the two addresses; some bits are ignored since
they 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.

B. Routing Function Programming Using a Bit-Pattern Associative Approach

To provide the flexibility required to support multiple interconnection networks and routing algorithms the routing
function must be programmable. 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 the mapping of some basic programming statements that are present in most
implicit routing algorithms [11]. 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 IF_THEN statement.
This statement has the form

IF condition THEN assign_port. (1)

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). 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 requires two IF_ THEN
statements to execute as follows:

IF condition_1 THEN assign_port_A

IF condition 2 THEN assign_port_A (2)

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 execute. An IF_ THEN_ELSE structure requires two bit-patterns
to execute, one for the IF condition and one for the ELSE condition. The structure would be similar to expression
(2) with condition 2 set to the ELSE condition and the port assignment changed accordingly. 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 structure may contain several nested IF_ THEN_ELSE statements. A CASE statement can be
coded onto the bit-pattern associative router using this IF_THEN_ELSE structure coding. Thus these mappings can be
considered as an extension of expression (2).

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.



C. Deterministic Execution of Routing Algorithms

An oblivious routing algorithm always yields the same path for a given source-destination node pair. Given the
interconnection network status and the destination as input, most adaptive routing algorithms perform a deterministic
assignment of the output ports. This deterministic nature of these routing algorithms imposes a fixed priority on the
alternative paths. Thus the selection function needs to implement a static 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| QOutput Port Specifier|
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1 Bit pattern 1 Port Assignment 1
priority < 4—Bit Pattern 2 Port Assi?nment 2
m Bit Pattern m Port Assignment m

Fig. 3. Bit-pattern and assignment entries and their priority.

IIT. MAPPING OF IMPLICIT ROUTING ALGORITHMS

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 applications of the proposed bit-
pattern associative router scheme. Detailed mappings of two oblivious routing algorithms are presented in subsections
ITI-A and ITI-B. In subsection ITI-A we study an oblivious implicit routing for the binary tree network. A hypercube
routing algorithm is examined in subsection III-B. To show the generality of the proposed approach, an adaptive routing
algorithm for the hypercube is presented in subsection ITI-C. We have selected these examples because they are widely
used and show the capabilities of the proposed scheme. However, 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 [14][15].

A. Mapping of an Oblivious Binary Tree Routing Algorithm

The binary tree structure is the fundamental building block for most of the tree networks [6]. 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 of the root and its
descendants are referred to as the left (or right) subtree of the root. A full or complete binary tree has all of its leaves
on the bottom level. Without losing generality we have adopted the odd-even addressing scheme proposed by Horowitz
and Zorat [6]. In this addressing scheme the root is assigned the address of 1. As the tree is traversed downward, the
address of each parent node is modified and passed on to its children. The high order bit 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
high-order bit of one is then appended. A labeled binary tree with four levels is shown in Figure 4.

Levels are numbered starting with the root level as zero. One consequence of this addressing scheme is that the
network is split, with the even addresses falling into the left subtree of the root and the odd addresses into the right,
hence the name odd-even addressing.

To efficiently implement a routing algorithm, the properties of the addressing scheme must be identified. The scheme
proposed by Horowitz and Zorat posses the following properties:

o Position of the leftmost 1 indicates the node’s level in the tree. Any node in the binary tree has the following address
format (0,...0,1,¢5_1,...c1,¢o) where ’¢’ could be either 0 or 1 and k indicates the bit position. The leftmost bit
equal to 1 is at position k; this in turn indicates that this node is at level k in the tree structure. The leftmost 1
bit is called the leading 1.

o A node’s lineage is contained in its address. As addresses are passed from parent to child, the child node inherits
all the parent’s address bits except the leading 1 bit. The immediate descendants of node (0,...0,1,cx—1,...¢co)



have the address format (1,a,cg_1,...co) where a is 0 for the left child and 1 for the right child. The bits ¢x—; to
¢o are inherited by the children from the parent. The determination of whether a given node is a descendent or
an ancestor of another node is based on a logical bitwise comparison of the least significant bits of node addresses.
With this addressing scheme any generation of descendants or ancestors of a node can be easily determined.

e The traversal path downward is completely specified by the destination node’s address. As the tree is traversed
downwards, the high-order bit of a parent node’s address is replaced with a 0 if it is passed to the left child or with
a 1 if to the right. Thus the tree traversal from a node at level k£ (0,...0,1,cg—_1,...¢co) to a destination node in its
subtree at level n (0,...0,1,dp—1,...ds,...dg,cr—1,...co) is specified by the bits d,,_1 to dj. Specifically, at each
level i, k < ¢ < n—1, the decision to go left or right is determined by bit d; of the destination node’s address, where
d; = 0 indicates left and a d; = 1 right.

The basic concept used in binary tree routing is that of the subtree. A message is first routed to the destination subtree
and then down the subtree to its destination node. To communicate between two different subtrees it is necessary to
go through a common ancestor node. Therefore, any message not destined for a node in the current subtree must be
sent up the tree. Once the correct subtree is reached, the algorithm must determine how to send the message through
the subtree to its destination. Assuming (0,...0,1,¢x_1,...¢o) and (0,...0,1,d,,_1,...dg) as current and destination
nodes, respectively, a distributed routing algorithm is shown in program-like fashion below, where the assignments to
the right represent potential port assignments.

CASE_OF k
(k = 'I’L): IF(Ck_l, ...Cop = dk—l; . do)
THEN: deliver message to current node Assignment 1
ELSE: send the message to the parent of the current node Assignment 2

(k > n): send the message to the parent of the current node Assignment 3
(k < TL): IF (Ckfl, N dkfl, .. .do)
THEN: IF(d; = 0)

THEN: send the message to current node’s left subtree Assignment 4
ELSE: send the message to current node’s right subtree Assignment 5
ELSE: send the message to the parent of the current node Assignment 6

END_CASE

The bit-pattern entries for this binary tree routing algorithm are given in Figure 5. The top priority in the selection of
ports is given to the present node (assignment 1). Selection of this port requires (k = n) and (d,—1,...do = Ck—1,..-Co)-
Assignment 2 requires the destination node be on the same level in the tree hierarchy; thus (k = n) and the destination
address word is led by 0’s at least up to dip+1 with (dy = 1). 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 up to di. In both cases the remaining
bit positions are not important to the determination of the output port. These bit positions are set to the “don’t care”
condition. Since these two assignments result in the same output port and the bit-patterns differ only in position dj
they can be combined into one pattern with dj, set to “don’t care”. This is shown as entry 2 in Figure 5.

Assignments 4 and 5 require the destination node to be within the current node’s subtree (dg—1,...do = ck—1,...¢o)-
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.
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Fig. 4. Node addressing in a binary tree.
The same set of bit-patterns can be used to route messages in any m-ary tree. In the general case, each bit ¢; in

Figure 5 is replaced by [logz(m)], bits. The number and structure of the patterns in Figure 5 would remain the same.
The detailed mapping of other tree interconnection networks can be found in [14].
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Fig. 5. Binary tree bit-patterns.

B. Mapping of an Oblivious Hypercube Routing Algorithm

The hypercube network [12] consists of 2” nodes organized in a multidimensional structure with n dimensions. In
this structure, each node has one connection to every dimension; a node (¢,_1,---€j+1,Ci, Ci—1,- - -Co), Where ¢; is 1 or
0, has a link to node (¢p—1, ... Cit1,Ci, Ci—1,...Co) for 0 < i < n — 1. As a result, the degree of each node is n.

Messages are sent across one of the dimensions in which the source and destination addresses differ. This routing
algorithm is referred to as the bit correction algorithm because one bit of the current node address is corrected at each
intermediate node until the current node is the destination. This method reduces by one the distance between the
message and its destination at each node along the route. The minimum route length for a given source-destination pair
is given by the Hamming distance between the source and destination node addresses, which is also equal to the number
of equally short disjoint paths between the two nodes [4]. Given that an oblivious routing is deterministic, a dimension
ordering is used to select from these potential routing alternatives. Without losing generality we have assumed that the
routing is performed in order of decreasing dimension; any other oblivious scheme can be implemented. This hypercube
routing algorithm can be implemented with the set of bit-patterns given in Figure 6. The first bit-pattern compares the
destination address to the current address (¢p—1,- - -Cit+1,Ci, Ci—1, - - - Co) to determine if the message has arrived at its
destination. Each remaining pattern compares one bit of the destination address with the inverse of the corresponding
bit in the current node’s address. A match indicates that the dimension corresponding to that bit position is a potential
routing alternative. The priority ensures that the dimension ordering is preserved. Any dimension ordering can be
implemented by rearranging the order of the bit-patterns. It can be observed that the number of bit-patterns required
is n + 1, where n is the dimension of the hypercube; thus, the number of entries is O(degree).
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n-1 0

Fig. 6. Bit-patterns for an oblivious hypercube routing algorithm.

C. Adaptive Hypercube Routing Algorithm

In an adaptive routing the path taken by a message depends on the status of the interconnection network as well as
the source and destination nodes. An adaptive routing algorithm can be mapped onto the bit-pattern associative router
by considering the interconnection network status as input to the bit- pattern matching unit. The algorithm will then
produce the same path for a given source node, destination node, and network status.

We have chosen an adaptive routing algorithm to show how this type of algorithm can be implemented on the
proposed approach. Below we present the mapping of the minimal p-cube routing algorithm [5] for the hypercube
interconnection network to show one way in which alternative paths for blocked messages can be implemented in the
bit-pattern associative router.

The p-cube routing algorithm is based on the turn-model for adaptive routing [5]. Routing algorithms based on the
turn model prevent deadlock and livelock by restricting the turns a message can make along the path from source to
destination. The p-cube routing algorithm is an example of the negative-first algorithm which prohibits a message from
making a turn from a positive direction of travel to a negative direction. This implies a two-phase algorithm in which a
message is first adaptively routed in those dimensions requiring a negative direction of travel and then adaptively routed
in dimensions that require a positive direction of travel. For the hypercube, the first phase routes the message along
any dimension in which ¢; = 1 and d; = 0 and the second phase routes along any dimension for which ¢; =0 and d; = 1.

Figure 7 shows the mapping of the p-cube routing algorithm. The bit-patterns for each node are based on the node
address. Without losing generality, we have chosen to show the bit patterns for a node in a six-dimensional hypercube



whose address (cscacgeacicg) is 101100. The input to the matching unit consists of the destination address from message
header and the status (blocked or free) of each output port on the current node. In this example the algorithm specifies
a negative direction of travel for phase one; each selected bit in an entry for phase one corresponds to a 1 bit in the
current node’s address. Thus phase one will route the message along the first dimension ¢ for which ¢; =1, d; = 0 and
channel i is free. Each entry in phase two corresponds to a 0 in the current node’s address and a message is routed by
the first entry for which ¢; = 0, d; = 1 and channel ¢ is free. Note that the bit positions in the current node’s address
which can be corrected in phase one are required to match the destination node address in phase two. This ensures that
all phase one routing is completed before phase two begins.

If all the potential output channels are blocked the last entry indicates that no assignment can be made at this time.
In this case an attempt to assign a port might be done at a later time. Another alternative is to add entries to the
bit-pattern approach to implement oblivious routing. These entries are added in place of the last entry in Figure 7 and
consist of the first six entries with the channel status bits set to “don’t care”.
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Fig. 7. Bit patterns for an adaptive hypercube routing algorithm.

D. Mapping of Other Interconnection Networks

Other interconnection network routing algorithms can be implemented on the bit-pattern associative router. We have
reported the mapping of oblivious routing algorithms for 37 interconnection networks in [14][15]. These networks fall into
four major categories: tree, cube, array, and multistage interconnection networks. Routing in most tree interconnection
networks is based on an extension of a m-ary tree routing reported in this paper; thus, the mappings for these networks
resemble the binary tree mapping with provisions made for the additional links found in these networks. In general,
an oblivious routing in an array or cube network is based on a dimension ordered routing. Mapping these networks is
similar to mapping the e-cube routing algorithm for the hypercube; each dimension is programmed in the order specified
by the algorithm. Most multistage network routing algorithms map directly onto the proposed approach. For example,
routing in a delta class network is digit controlled; the switch at stage i is directly controlled by the ith base-b digit of
the destination address.

IV. 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 [9][11],
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 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 [11]. 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 [11]. 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 [1], 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(N) size, where N is the number of nodes in the system [2]. An example
of a working router utilizing look up tables is Hnet [13]. To reduce the size of the look up tables, van Leeuwen and
Tan [16] 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. 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 multi-processor Transputer-based systems [7]. Potential drawbacks of the interval routing approach include:
minimum distance path is only possible for a subset of interconnection networks [2], inserting a new node in the network
usually results in a new labeling of the nodes and new assignment of ranges [16], and single assignment from a number
of potential paths is obtained [2].

Table I 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 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. Interconnection networks with highly irregular
structures or node addressing schemes may require a large number of entries in both the interval and the bit-pattern
associative routers. Complex adaptive routing algorithms tend to be mapped onto a large number of entries.

TABLE I
COMPARISON OF THE FLEXIBLE ROUTING SCHEMES.

Feature Bit-Pattern Interval Lookup Table
Associative
Routing algorithm implicit explicit explicit
Stored data bit-patterns addresses addresses
Number of entries O(degree) O(degree) O(networksize)
Expandability minor relabel all node reprogram & expand
requirements addresses & ranges lookup tables
Assignment delay | 1 comparison 1 comparison 1 decode
and 1 read and 1 read and 1 read
Programmability yes yes yes
Alternative paths yes no no

V. CONCLUDING REMARKS

In this paper we have presented a novel routing algorithm decoding approach for a wide range of interconnection
network topologies. To show the capabilities of the proposed approach, we have studied implicit routing algorithms for
37 interconnection network topologies in four major categories; these are: tree, cube, array, and multistage. In this
paper we include a full description of three interconnection network routing algorithms. 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. Implicit algorithms were mapped onto
bit-patterns for the tree, cube, array, and multistage structures. The output port is determined on the basis of the
current node address, destination node address, and the interconnection network structure. In the case of adaptive
routing, the interconnection network status is included to assign an output port.

o 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 was 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 all the studied interconnection networks is 1.35. Thus, the proposed approach tends to map
routing algorithms into the smallest number of entries.

o 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.

o Network expandability needs no address reassignment or bit-pattern modification. For all the studied topologies,

generic bit-pattern sets were developed to accommodate 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.

The bit-pattern associative router provides a flexible and programmable approach to execute interconnection network
routing algorithms with a high-speed port assignment comparable to topology specific routers. An implementation of
this router is reported in [3].
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