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a GALS system. Therefore an asynchronous NoC matches the design challenges
 for a GALS based SoC well.


NoC design shares many similarities with the design of parallel computer 
net-works. Therefore a large amount of the research carried out in this field is also
applicable for NoC design.


3.2 Basic Concepts 43


link


network adapter
 router


core


Figure 3.1: An example of a NoC connected in a 3-by-3 mesh topology.


In figure 3.1 an example of a NoC with four cores connected in a 3-by-3 mesh
 topology is shown. The main properties of a NoC is the choice of topology,
 routing algorithm,switching strategy, andflow control.


• The topology determines how the network components are physically
 connected to each other.


• The routing algorithm determines the route that messages follows
 through the network.


• The switching strategydetermines how messages traverses the route.


• Flow controldetermines when messages traverses the route.


The following sections will describe these properties.



3.2.1 Topologies


The topology describes how the routers are connected to each other. The choice
 of topology affects many aspects of the NoC, e.g. area, performance, and power.


Many different topologies exists, e.g. meshes, tori, cubes, butterflies, and trees.


Topologies can be either regular or irregular, where irregular topologies can be
 created by mixing different types of regular topologies. A direct network have
 cores connected to all router nodes, while an indirect network only have cores
 connected to a subset of the router nodes. The network in figure 3.1 is an
 example of an indirect network.


In general the choice of topology is a tradeoff between the number of links
between the routers vs. cost. In a topology with many links the average routing
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distance between two cores will be small and consequently the latency through
 the network will be low. Most NoCs uses topologies with relatively few links that
 is easy to lay out on a 2-d surface. Meshes, tori, and trees have this property and
 are therefore popular for NoCs. In the following the mesh and torus topologies
 will be described.


Meshes and tori (and cubes) are known together ask-ary d-cubes, wherek is
 the degree of each dimension anddis the number of dimensions. The mesh in
 figure 3.1 is a 3-ary 2-cube mesh topology. A torus is different from a mesh by
 that it connects opposite edges. Therefore tori often uses unidirectional links,
 while meshes uses bidirectional links. Tori does not perform well in networks
 with with a high amount of local traffic due to the unidirectional links.



3.2.2 Switching strategies


A network can be either packet switched or circuit switched. In a circuit
 switched network the route from source to destination is setup before the 
 mes-sage is transmitted on the network and is not taken down before the transmission
 has finished. In a packet switched network the message is split up in a number
 of packets that are individually routed from source to destination. Each packet
 contains routing and sequence information. The majority of the developed NoCs
 utilizes packet switching [5]. The minimum amount of data that can be sent
 between two nodes in the network is called a flow control unit (flit). A packet
 consists of several flits which are transmitted in series. For packet switched 
 net-works different packet switching strategies exists: store-and-forward, wormhole,
 and virtual cut-through. The three switching strategies are explained below.


Store-and-forward all flits of a packet are received by the node, before any
 flits are forwarded to the next node. If the next node does not have
 sufficient buffer space, the packet is stalled.


Wormhole when a node receives a flit of packet, the flit is forwarded to the
 next node as soon as possible. The tail of the packet is left behind in the
 nodes along the route. If the header flit is blocked, all links spanned by
 the packet will be blocked.


Virtual cut-through is a compromise between store-and-forward and 
worm-hole. Forwarding of flits works in the same way as for the wormhole
strategy, however the header flit is only forwarded to the next node if it
has sufficient buffer space to store the complete packet.
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Protocol Per router cost: Stalling
 Latency Buffering


Store-and-forward packet packet at two nodes and the
 link between them
 Wormhole header header at all nodes and links


spanned by the packet
 Virtual cut-through header packet at the local node


Table 3.1: Costing and stalling for the different switching strategies, from [5].


The wormhole strategy has lower latency and lower buffer requirements 
 com-pared to store-and-forward. The disadvantage is that the possibility of deadlocks
 in the network increases, because a packet can span several links. Virtual-cut
 through will benefit from the low latency of the wormhole strategy under 
 nor-mal load. Under high load the virtual-cut through strategy will approach the
 function of a store-and-forward network, where flits are aggregated in the front
 node. Thereby the increased possibility of deadlocks from wormhole is removed.


However, virtual cut-through still have the large buffer requirements of the
 store-and-forward strategy. Therefore wormhole is the most popular switching
 strategy for NoCs. Table 3.1 summarizes the latency penalty and storage cost
 for each of the discussed switching strategies.



3.2.3 Routing algorithms


Routing algorithms are divided into two categories: deterministic and adaptive.


For a deterministic routing algorithm the chosen route is based solely on the
 source and destination, i.e. there are only one legal path between a pair of nodes.


An adaptive algorithm allows more than one legal path between a pair of nodes
 and the route is determined on a per-hop basis. The choice of routing path
 is dynamically determined based on e.g. link congestion. Because each router
 must be able to dynamically decide the routing direction, the complexity of the
 router implementation increases. The advantage of an adaptive routing 
 algo-rithm is that it allows for better link utilization, which can improve performance
 considerably, especially under high load.


A deterministic routing algorithm can be source-routed or use table-driven 
rout-ing. With source-routing the source must provide the complete routing path to
the destination in the packet header. Source-routing simplifies the process of
determining the routing direction within the router. The router can directly 
de-termine the routing direction by looking at the packet header. However, if the


46 Networks-on-Chip


packet header has a fixed length, the maximum number of hops in the network
 is limited by the header length. In table-driven routing each router contains a
 routing table where it can look up the routing direction based on the destination
 written in the packet header. Thus, the maximum number of hops is not limited
 by the header length. The implementation of the routing table will increases
 the area of the router.


Some regular topologies allows for very simple routing algorithms. For example
 in ak-aryd-cubes topology,dimension order routingcan be used. In dimension
 order routing for a 2-d mesh, the packet is first routed fully in thex-direction
 and then fully in the y-direction. The packet header contains the remaining
 distance for each dimension and the routing direction is easily determined from
 the remaining distance. Before a router forwards the packet it decrements one of
 the distances in the header, in accordance with the routing direction. Ink-ary 
 2-cubes dimension order routing are also known asxy-routing. For a source-routed
 network the source simply inserts a routing path in the header in accordance
 with the dimension order routing algorithm.


A routing algorithm can be either minimal or non-minimal. A minimal 
 rout-ing algorithm always selects the shortest path between source and destination,
 while a non-minimal algorithm is allowed to select longer routes between source
 and destination. Dimension order routing is an example of a minimal routing
 algorithm while most adaptive algorithms is non-minimal due to their dynamic
 behavior.


An important aspect of a routing algorithm is, whether it isdeadlock free, for the
 topology in which it is used. Routing deadlocks may occur in a network when
 for example several packets are waiting for each other in a cyclic dependency. If
 this happens, none of the packets are able to make any progress. The process of
 determining if a routing algorithm is deadlock free for a given topology can be
 quite cumbersome. In [7] a guide for determining deadlock freedom is presented.


Thexy-routing algorithm described above has the interesting property that it is
 proved to be deadlock free for a k-ary 2-cube mesh topology [7]. It is important
 to note that the algorithm is only proved to be free from routing deadlocks.


Deadlocks may occur in higher levels of the system. E.g. if the NAs are not able
 to consume packets due to dependencies between the cores in the network. Due
 to the deadlock freedom ofxy-routing it is a popular choice for NoCs.



3.2.4 Flow control


Flow control is the mechanisms used to determine when a message moves along
its route [7]. Flow control is mainly used to ensure correct operation of the
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