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Abstract—The increasing viability of 3-D silicon integration
technology has opened new opportunities for chip architecture
innovations. One direction is in the extension of 2-D mesh-based
tiled chip-multiprocessor architectures into three dimensions. This
paper focuses on efficient routing algorithms for such 3-D mesh
networks. Existing routing algorithms suffer from either poor
worst-case throughput (DOR, ROMM) or poor latency (VAL).
Although the minimal routing algorithm O1TURN proposed in
already achieves near-optimal worst-case throughput for 2-D
mesh networks, the optimality result does not extend to higher di-
mensions. For 3-D and higher dimensional meshes, the worst-case
throughput of O1TURN degrades tremendously. The main con-
tribution of this paper is a new oblivious routing algorithm for
3-D mesh networks called randomized partially-minimal (RPM)
routing. RPM provably achieves optimal worst-case throughput
for 3-D meshes when the network radix is even and within a
factor of of optimal worst-case throughput when is odd.
Finally, whereas VAL achieves optimal worst-case throughput at
a penalty factor of 2 in average latency over DOR, RPM achieves
(near) optimal worst-case throughput with a much smaller factor
of 1.33. For practical asymmetric 3-D mesh configurations where
the number of device layers are fewer than the number of tiles
along the edge of a layer, the average latency of RPM reduces to
just a factor of 1.11 to 1.19 of DOR. Additionally, a variant of RPM
called randomized minimal first (RMF) routing is proposed, which
leverages the inherent load-balancing properties of the network
traffic to further reduce packet latency without compromising
throughput.

Index Terms—3-D ICs, on-chip networks, routing algorithms.

I. INTRODUCTION

T HERE has been considerable discussion in recent years
on the benefits of 3-D silicon integration in which mul-

tiple device layers are stacked on top of each other with direct
vertical interconnects tunneling through them [3], [6], [8], [11],
[24]. 3-D integration promises to address many of the key chal-
lenges that arise from the semiconductor industry’s relentless
push into the deep nano-scale regime. Recent advances in 3-D
technology in the area of heat dissipation and micro-cooling
mechanisms have alleviated thermal concerns regarding stacked
device layers. Among the benefits, 3-D integration promises the
ability to provide huge amounts of communication bandwidth
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between device layers and integrate disparate technologies in
the same chip.
The increasing viability of 3-D technology has opened new

opportunities for chip architecture innovations. One direction
is in the extension of two-dimensional (2-D) tiled chip-multi-
processor architectures [2], [9], [18], [21] into three dimensions
[10], [12]. Many proposed 2-D tiled chip-multiprocessor archi-
tectures have relied on a 2-D mesh network topology as the
underlying communication fabric. Extending mesh-based tiled
chip-multiprocessor architectures into three dimensions repre-
sents a natural progression for exploiting 3-D integration. The
focus of this paper is on providing efficient routing for such 3-D
mesh networks.
As in the case of 2-D mesh networks, throughput and latency

are important performance metrics in the design of routing
algorithms. Ideally, a routing algorithm should maximize both
worst-case and average-case throughput and minimize the
length of routing paths. Although dimension-ordered routing
(DOR) [17] achieves minimal-length routing, it suffers from
poor worst-case and average-case throughput because it offers
no route diversity. On the other hand, the routing algorithm
proposed by Valiant (VAL) [20] achieves optimal worst-case
throughput by load balancing globally across the entire net-
work. However, it suffers from poor average-case throughput
and long routing paths. ROMM [13] provides another alter-
native that achieves minimal routing and good average-case
throughput by considering route diversity in the minimal direc-
tion, but it suffers from poor worst-case throughput.
For the case of 2-D mesh networks, Seo et al. [15] described

a novel routing algorithm called O1TURN that achieves
both minimal-length routing and near-optimal worst-case
throughput. O1TURN simply chooses between two possible
minimal-turn paths (XY and YX) for routing. Despite the
simplicity, it was shown that O1TURN achieves optimal
worst-case throughput when the network radix is even and
within a factor of of optimal worst-case throughput
when is odd. However, as observed in [15], the near-optimal
worst-case throughput property of O1TURN does not extend
to higher dimensions.1 Perhaps surprisingly, the worst-case
throughput of O1TURN degrades tremendously for higher di-
mensional meshes. For example, in the 3-D case for an
mesh, the worst-case throughput of O1TURN degrades to just
30% of optimal. The corresponding worst-case throughput
values for DOR and ROMM are even less at around 13% and
26% of optimal, respectively.

1Although technically the 3-D version of O1TURN is called “O2TURN”, we
will simply refer to the algorithm as O1TURN so that the same name can be
applied to all higher dimensional meshes.
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In this paper, we introduce a new oblivious routing algo-
rithm called Randomized Partially-Minimal (RPM) routing that
achieves near-optimal worst-case throughput, higher average-
case throughput than existing routing algorithms, and good av-
erage latency. Conceptually, RPM works as follows: In the 3-D
case, we use Z to denote the “vertical” dimension and XY to
denote the two “horizontal” dimensions. RPM works by first
routing a packet in the minimal direction to a random interme-
diate “layer” or “plane” in the vertical dimension; i.e., it first
routes a packet in the minimal direction to a random interme-
diate Z position. It then routes the packet on the XY layer using
either minimal XY or YX routing. Finally, it routes the packet
in the minimal direction in the Z vertical dimension to its final
destination. The entire Z-XY-Z or Z-YX-Z path makes at most
three turns. Effectively, RPM load-balances traffic uniformly
across all vertical layers and routes traffic minimally in the
two horizontal dimensions.2

Although RPM is worst-case throughput optimal, it is not
minimal in terms of latency as it routes packets non-minimally
in one of the three dimensions. For certain traffic patterns which
are inherently load-balanced, the latency of RPM can be further
reduced by preferentially choosing intermediate routing layers
along the minimal direction, without causing an overall imbal-
ance in the traffic routed to different layers.We propose a variant
of RPM called randomized minimal first (RMF) routing that
uses destination-aware intermediate layer selection to preferen-
tially select intermediate layers in the minimal direction. This
helps in reducing latency over RPM. The main contributions of
the paper are as follows:
• We propose a new routing algorithm for three (and higher)
dimensional mesh networks called RPM, which provably
achieves optimal worst-case throughput when the network
radix is even and within a factor of of optimal
worst-case throughput when is odd.

• RPM also significantly outperforms DOR, ROMM,
O1TURN and VAL in average-case throughput by
90%–109%, 45%–54%, 28%–35%, and 24%–52%, re-
spectively, on different symmetric and asymmetric mesh
topologies.

• On average latency as measured in network hops, RPM
does not achieve minimal-length routing because non-min-
imal routing is used in one of three dimensions. However,
whereas VAL achieves optimal worst-case throughput at
the cost of twice-minimal latency, RPM achieves (near)
optimal worst-case throughput with much lower latency
of 1.33 times minimal for symmetric mesh topologies. In
practice, the average latency of RPM is expected to be
closer to minimal routing because 3-D mesh networks are
not expected to be symmetric in 3-D chip designs. In par-
ticular, the number of available device layers is expected
to be fewer than the number of processor tiles that can be
placed along an edge of a device layer. For example, for
a four-layered mesh,3 the average latency of
RPM reduces to just a factor of 1.11 times minimal.

2RPM can be equivalently defined by randomizing on any one dimension and
minimally routing on the remaining two dimensions.
3A 3-D tiled chip-multiprocessor design is expected to be viable

in the future. Already, a single-layer 16 16 multi-core design is in commercial
use today in high-end carrier class routers [23]. It is a 188-core design with some
tiles used for dedicated functions.

• We also propose a variant of RPM called randomized min-
imal first (RMF) routing, which uses the knowledge of a
packet’s destination while load balancing traffic across ver-
tical layers and intelligently prefers minimal layers over
non-minimal layers. RMF leverages the inherent load-bal-
ancing properties of the network traffic to reduce packet
latency. On uniform traffic, the latency of RMF is only
0.4%–2.6% higher than DOR. RMF also retains the worst-
case throughput optimality of RPM and performs at least
as well or better than RPM on a wide range of traffic pat-
terns.

• Finally, we evaluate the power and area overhead for im-
plementing RPM and RMF. We show that the RPM router
has negligible overhead compared to a baseline 3-D router
while the power and area overheads for implementing
RMF are just 1.7% and 3.4%, respectively.

The rest of the paper is organized as follows: Section II pro-
vides a brief background on performance metrics. Section III
describes the RPM routing algorithm and presents analytical
results. Section IV discusses how RPM can be efficiently in-
tegrated into a typical on-chip router. Section V describes the
RMF routing algorithm. Section VI evaluates the performance
and of RPM and RMF and also estimates the power and area
overheads for implementing them in on-chip routers. Finally,
Section VII concludes the paper.

II. BACKGROUND

In this section, we provide a brief overview of the analyt-
ical methods used to evaluate worst-case and average-case
throughput. In particular, we elaborate on the concept of net-
work capacity and a method to compute worst-case throughput
for oblivious routing algorithms. We then elaborate on a method
to compute average-case throughput. To simplify the discussion
on throughput analysis, we ignore flow control issues, and we
assume single flit packets that can be routed from a node to its
adjacent neighbor in a single cycle.
Network capacity is defined by the maximum channel load

that a channel at the bisection of the network needs to sustain
under uniformly distributed traffic. For any -ary -mesh [5],
independent of

is even

is odd.
(1)

The network capacity is the inverse of .
The maximum channel load for a routing algorithm
and traffic matrix is the expected traffic load crossing the

most heavily loaded channel under and . The worst-case
channel load for a routing algorithm is the heaviest
channel load that can be caused by any admissible traffic. Ad-
missible traffic is defined as any doubly sub-stochastic matrix
with all row and column sums bounded by 1. Suppose a network
consists of nodes, a traffic matrix is an
matrix where represents the expected traffic from node to
node . The traffic matrix is doubly sub-stochastic and hence
admissible if
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and it is said to be doubly stochastic if

As shown in [19], an admissible traffic matrix that can cause the
worst-case channel load for a routing algorithm can be found
by solving a derived maximum weighted matching problem.
The worst-case saturation throughput for a routing algorithm
is the inverse of the worst-case channel load. The normal-

ized worst-case saturation throughput, , is defined as
the worst-case saturation throughput normalized to the network
capacity

(2)

Unless otherwise noted, we will simply refer to as the
worst-case throughput of .
Using the methodology used in [15], [19], the average-case

throughput for a routing algorithm can be computed by av-
eraging the throughput over , a large set of random traffic
patterns

(3)

In this paper, we used .

III. RANDOMIZED PARTIALLY-MINIMAL ROUTING

The basic idea behind RPM is fairly simple. Conceptually,
RPM works by load-balancing flits uniformly across all
vertical layers along the Z dimension, just like VAL [20], but
only along one dimension. RPM then routes flits on each XY
plane using minimal XY or YX routing with equal probability.
Finally, RPM routes flits to their final destinations along the
Z dimension. Fig. 1 depicts two possible RPM routing paths.
In particular, let be the source, be the
destination, and be the randomly chosen intermediate Z
position. The two corresponding Z-XY-Z and Z-YX-Z routing
paths are

and
, respectively, with at most three

turns. When and , the traffic is just uniformly
randomized along the Z dimension. In this case, when is
greater than both and , or when is less than both and
, a loop is formed in the path . These loops can

be removed online before routing a packet to reduce hop count.
When the source and destination are the same, no routing is
necessary. It should be noted that although we use load-bal-
ancing along the dimension for this description, RPM can
be equivalently defined by load-balancing uniformly along any
one dimension and routing minimally in the remaining two
dimensions.

A. Throughput Analysis

In this section, we prove that RPM achieves optimal worst-
case throughput when the network radix is even ( in a

Fig. 1. Examples of RPM routing (a) Z-XY-Z path (b) Z-YX-Z path.

mesh network) and within a factor of of optimal
when is odd. Since the term diminishes quadratically, the
worst-case throughput of RPMwhen is odd rapidly converges
to optimal with increasing . We prove this near-optimality in
three parts. We first prove that for any doubly sub-stochastic
traffic matrix for a mesh, RPM’s uniform load-
balancing along the Z vertical dimension will guarantee that the
corresponding traffic matrix for each horizontal plane
is also doubly sub-stochastic. We next prove that the worst-case
channel load on each XY plane is bounded by , meaning
that the worst-case channel load on any channel in the X or Y
dimension is bounded by . We also prove that the worst-
case channel load for the vertical channels is bounded by .
Finally, using the expression shown in (2) for computing the
worst-case throughput, we characterize the near optimal nature
of RPM.
1) Claim 1: Given any 3-D doubly sub-stochastic traffic ma-

trix, the 2-D traffic that will traverse any XY plane using RPM
will be doubly sub-stochastic.

Proof: It suffices to show that for any doubly stochastic
traffic matrix , each corresponding 2-D traffic matrix will be
doubly stochastic. Let be the traffic
from to . By definition of doubly sto-
chastic, the traffic from any source or to any des-
tination in must all sum to 1

(4)

(5)

Let be the 2-D traffic matrix for a plane at some , and
let be the traffic between two nodes
and on this plane. Given the two-phase load balancing
of RPM in the Z dimension, we have

(6)
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For to be doubly stochastic, the row sum from any
or the column sum to any in must all be 1. These
conditions can be stated as follows:

(7)

(8)

First substituting (6) and then (4) into the LHS of (7), we have

Similarly, first substituting (6) and then (5) into the LHS of (8),
we have

Since all rows and columns in sum to 1, the 2-D traffic matrix
is doubly stochastic. This analysis holds for all .
2) Claim 2: The maximum channel load in a mesh

network with RPM routing is .
Proof: By Claim 1, the 2-D traffic on each XY plane

is doubly sub-stochastic. It has already been shown in the
context of 2-D meshes that minimal XY and YX routing with
equal probability results in a maximum channel load of
[15]. Hence, it follows that the worst-case channel load on any
channel in the X or Y dimension using RPM is bounded by .
Given the two-phase load balancing in the Z dimension, the
one-dimensional (1D) traffic along any Z line is twice uniform.
For 1D meshes, the maximum channel load for uniform traffic
is when is even and when is odd. The max-
imum channel load for twice uniform is simply
when is even and when is
odd. Since , the worst-case channel load is
upper bounded by .
3) Claim 3: RPM achieves optimal worst-case throughput

when is even and within a factor of of optimal when
is odd.

Fig. 2. Normalized worst-case throughput of different routing algorithms on
symmetric 3-D mesh networks.

Proof: By Claim 2, . As reminded in
Section II, when is even. Therefore, using (2), we
have

This is optimal since the optimal worst-case throughput has al-
ready been shown previously to be half of the network capacity
[5]. When is odd, . Therefore, we have

This is within a factor of of optimal.
Fig. 2 shows the worst-case throughput of RPM in compar-

ison to VAL, DOR, ROMM, and O1TURN on symmetric 3-D
mesh networks with different radices. This graph was derived
using the technique discussed in Section II for determining the
worst-case throughput of oblivious routing algorithms. RPM
achieves the same optimal worst-case throughput as VAL when
the network radix is even. The worst-case throughput of RPM
quickly converges to optimal for odd radices as the network
radix is increased. Note that the performance of DOR, ROMM,
and O1TURN all degrade tremendously with increasing radix.
At , the worst-case throughput of RPM is 14 times
higher than DOR and 5.26 times higher than both ROMM and
O1TURN.

B. Latency Analysis

Let denote the average packet latency of routing
algorithm measured as the number of router hops. The av-
erage hop count calculation assumes equal traffic between all
source-destination pairs in the network. For a mesh,
the average hop count for DOR is
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Each component corresponds to the average hop
count along a single dimension using DOR [5].
In RPM, minimal routing is used in the X and Y dimensions

resulting in an average hop count of along each of
these two dimensions. When two-phase routing is used in the
Z dimension without any loop removal, the average hop count
for this dimension is two times minimal, i.e., .
However, as mentioned in Section III, a possibility of loop re-
moval exists in the Z dimension when the X and Y coordinates
of the source and destination are the same. Once loops are re-
moved, two-phases of Z routing reduce to a single phase of min-
imal routing. The X and Y coordinates of source and destination
nodes are equal with a probability of . This results in the
following expression for the average hop count of RPM

The penalty factor in average latency for using a partially
minimal routing algorithm like RPM instead of a minimal
routing algorithm like DOR can be quantified by computing the
ratio of their average latencies. In particular, the latency ratio of
two routing algorithms and , , is defined as

(9)

Therefore, the penalty factor for RPM is given as

(10)

converges to 1.33 for relatively large
values of k. This is much smaller than the penalty factor of

that VAL has to sacrifice to achieve
optimal worst-case throughput.

C. Asymmetric Meshes

1) Claim 4: RPM achieves optimal worst-case throughput
when and is not equal to
or . When or , RPM is optimal

when is even and is within a factor of of optimal
when is odd.

Proof: The maximum channel load and worst-case
throughput of an asymmetric mesh topology is determined
by its longest dimension. Claim 1 already shows that the
2-D traffic on any XY plane using RPM will be doubly
sub-stochastic. Suppose is equal
to either or . Since routing on the XY plane using
RPM is the same as O1TURN, it follows that RPM achieves
optimal worst-case throughput when is even, and within
a factor of of optimal otherwise. If is equal
to , the worst-case throughput of RPM only depends on
the maximum channel load in the Z dimension, which is
optimal because the traffic along the Z dimension is twice
uniform (see proof of Claim 2).

The latency analysis for asymmetric meshes is also very sim-
ilar to the symmetric case. For an asymmetric
mesh, the average hop count for DOR is given as the sum of
hop counts along the three dimensions

(11)

The average hop count for RPM, after loop removal along the
Z dimension, is given as

(12)

The ratio of the latencies of RPM and DOR for the asymmetric
case can then be calculated using (9).

D. Extending RPM to Higher Dimensions

In this section, we extend RPM to consider higher di-
mensional asymmetric meshes. Let
be the dimensions of an -dimensional mesh, and let

be the corresponding radices. RPM
can be readily extended by first uniformly load-balancing flits
across the last dimensions using dimension-ordered
routing, namely along . RPM then routes
flits minimally along the two dimensions and using either
the or order with equal probability. Finally, RPM
routes flits to their destinations along
in dimension order.
1) Claim 5: RPM achieves optimal worst-case throughput

when is equal to any one of
and is not equal to or . If

or , RPM is optimal when is even and within a
factor of of optimal when is odd.

Proof: The proof is a direct extension of the proof for
Claim 4 and is not presented here to avoid repetition.

IV. ROUTER IMPLEMENTATION

In this section, we discuss how RPM can be efficiently
integrated into a typical on-chip router. We first explain how
RPM can be made deadlock-free using virtual channels. We
then present details about the modifications needed in existing
on-chip routers to implement RPM.

A. Virtual Channels and Deadlocks

In general, RPM can be defined by load-balancing uni-
formly along any one dimension and routing minimally in
the two remaining dimensions (Z-XY/YX-Z, X-YZ/ZY-X
or Y-XZ/ZX-Y). For practical asymmetric mesh topologies
where the number of device layers (Z dimension) is expected
to be fewer than the number of nodes along the edge of a
layer (X and Y dimensions), two-phase routing along the short
Z dimension and minimal routing along the longer X and Y
dimensions results in highest average-case throughput. On the
other hand, for symmetric 3-D mesh topologies, a random-
ized version of RPM where Z-XY/YX-Z, X-YZ/ZY-X, and
Y-XZ/ZX-Y routings are used with equal probability, yields
the highest average-case throughput as it balances channel load
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Fig. 3. Baseline router architecture.

along all three dimensions. Randomization does not change
the worst-case throughput of RPM because each one of the
three routing algorithms combined has the same near-optimal
worst-case throughput.
Virtual channels (VCs) are needed in on-chip routers to

avoid cyclic resource dependencies, like buffer dependen-
cies, which can result in deadlocks. If RPM is implemented
by load-balancing only along one dimension (lets say the Z
dimension), two virtual channels per physical channel are
sufficient to achieve deadlock-free routing. One approach is to
divide the input buffers on links along the Z dimension into
two VCs—VC-0 reserved for phase-1 of Z routing and VC-1
reserved for phase-2 of Z routing. The buffers on links along
the X and Y dimensions are also divided into two VCs—VC-0
reserved for packets using X-Y routing and VC-1 reserved
for packets using Y-X routing. This VC allocation scheme
ensures deadlock-free operation as the corresponding channel
dependency graph is acyclic [4].
The randomized version of RPM, which involves load-bal-

ancing packets along each dimension with equal probability and
routing minimally along the two remaining dimensions, can be
made deadlock-free using three VCs. One VC allocation ap-
proach for this case is to let packets start in VC-0 and incre-
ment the VC number after every YX, ZY or ZX turns. Since
the routing paths have at most two of these three possible turns,
three VCs are sufficient. This VC allocation scheme results in
an acyclic channel dependency graph for randomized RPM.

B. RPM Router

1) Baseline 3-D Router: Fig. 3 shows the architecture of a
typical 7-port router for 3-Dmesh networks. This architecture is
a direct extension of 5-port routers used in 2-D mesh networks,
with the addition of two extra ports for vertical communica-
tion. At each input port, buffers are organized as separate FIFO
queues, one for each VC. Flits entering the router are placed in
one of these queues depending on their VC ID. The router is gen-
erally pipelined into five stages comprising route computation,
VC allocation, switch allocation, switch traversal and link tra-
versal. The route computation stage determines the output port

of a packet based on its destination. This is followed by VC al-
location where packets acquire a virtual channel at the input of
the downstream router. A packet that has acquired a VC arbi-
trates for the switch output port in the switch arbitration stage.
Flits that succeed in switch arbitration traverse the crossbar be-
fore finally traversing the output link to reach the downstream
router. Head flits proceed through all pipeline stages while the
body and tail flits skip the route computation and VC allocation
stages and inherit the output port and VC allocated to the head
flit. The tail flit releases the reserved VC after departing the up-
stream router.
In order to implement a new routing algorithm like RPM in

place of existing routing algorithms like DOR, only the route
computation and VC allocation stages of the router pipeline
need to be modified.
2) Choosing an Intermediate Layer: Since RPM involves

load-balancing packets to a randomly chosen intermediate layer,
some extra logic needs to be added to the baseline architecture
to choose an intermediate layer. In most NoCs there is a strict
requirement that all flits of a packet have to arrive at the desti-
nation in-order. Hence, load-balancing across layers has to be
carried out at the granularity of packets and not flits.
The logic for picking a random intermediate layer can be im-

plemented using a simple linear feedback shift register (LFSR),
which is often used to generate a pseudo-random sequence. Let
us assume that packets are load-balanced uniformly along the
Z dimension. If is the number of layers in the topology, an
LFSRwith bits is sufficient to generate a pseudo random
sequence of layers. In order to increase the randomness of
the LFSR sequence for small values of , a pseudo-random se-
quence with greater than bits can be generated and the
intermediate layer can be chosen by performing a modulo-
operation on the generated sequence. For example, in a
mesh topology with 256 nodes, layer load balancing can be car-
ried out using the last two bits of a 8-bit a pseudo-random se-
quence. To ensure that the random number generators at the
different nodes work independently the LFSR at a node can
be initialized to the unique 8-bit node address. In general, for
a network with nodes, a bit LFSR can be used to
pick an intermediate layer. Each LFSR can then be initialized
to an unique initial state (which is the unique bit node
address) resulting in different pseudo-random sequences at dif-
ferent nodes. In the special case when the X and Y coordinates
of the destination are same as the corresponding coordinates of
the source, the decision of the LFSR is overridden and the in-
termediate layer is forced to be the Z coordinate of the destina-
tion. If the pseudo-random sequence generation process and the
packet injection process (determining packet size) are indepen-
dent, over a period of time the number of flits sent to different
layers is expected to be equal.
If more accurate load-balancing is desired, a more sophisti-

cated credit-based load balancing scheme can be employed for
multi-flit packets. In this technique, every node in the network
maintains credit counters, one for each layer, all initialized
to 0. The first layer with non-negative credits is always chosen
to route a packet. When layer is selected to route an flit
packet, the credit counter corresponding to is decremented
by since layer receives an excess of
flits compared to ideal flit-level load-balancing across layers.
At the same time, counters corresponding to all other layers are
incremented by to account for the flit deficit with respect
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to ideal flit-level load-balancing. This layer selection approach
requires counters at each router to keep track of the credits as-
sociated with each layer. The counter size depends on the max-
imum packet length and the number of layers in the topology.
If the maximum packet length is flits, the credit values can
range from to . As explained earlier, when the X
and Y coordinates of a packet’s destination are same as those
of the source, the Z coordinate of the destination is forced to be
the intermediate layer in order to remove loops. The counters
remain unchanged in this special case as no extra load is added
to links along the X and Y dimensions of the destination layer.
After an intermediate layer is chosen at the time of packet in-

jection, the intermediate layer number must be included in the
packet header to enable the route computation stage to route
packets to the appropriate layer. The intermediate layer selec-
tion can be carried out one cycle in advance to avoid increasing
the critical path delay of the router.
3) Choosing XY/YX Routing: RPM uses minimal XY or

YX routing with equal probability on each horizontal layer.
The logic to choose XY or YX routing paths can be the same
as the approach described in [15], which uses a single signed
counter to keep track of the excess/deficit of flits using XY
or YX routing. The decision to use XY or YX routing can
be taken before packet injection, in parallel with intermediate
layer selection, and the routing decision can be stored as a part
of the packet header. This approach avoids adding extra delay
at intermediate routers.
4) Routing and VC Allocation: In a baseline router using

dimension-ordered routing, the routing can be decomposed
into the X, Y and Z dimensions. The route computation stage
first routes a packet along the X dimension, followed by the
Y dimension and finally, the Z dimension. For packets at the

, and inputs of a router (see Fig. 3), the
route computation logic needs to determine the X, Y and
Z offsets to a packet’s final destination and choose the first
productive dimension.4 For packets at the and inputs,
the routing decision is based on the Y and Z offsets to the
packet’s final destination and for packets at the and
inputs, the decision is based only on the Z offset.
Next, we describe one possible high-level implementation of

the route computation stage for asymmetric 3-D mesh networks
where packets are load-balanced only along the dimension.
Route computation is closely tied to the VC allocation scheme
used in the router. Packets are routed using either Z-XY-Z or
Z-YX-Z routing paths and two VCs are needed to make RPM
deadlock-free in the asymmetric mesh case, as described in Sec-
tion IV-A. We assume that the input buffers at all router ports
are divided into two sets of VCs, VC set 0 and VC set 1. Each
VC set can in turn have one or more VCs. The two VC sets at
different physical channels are associated with different RPM
routing segments, as summarized in Table I. A packet is in-
jected into either VC set 0 or VC set 1 at the port.
The routing decisions for packets at different input ports and
input VCs are taken as follows:
• For packets at any VC set of the port and VC
set 0 of the and ports, the offset along the Z dimen-
sion to the intermediate layer is determined along with the
X and Y offsets to the final destination. If the packet has
reached the destination, it is simply ejected from the net-
work. If the Z offset to the intermediate layer is non-zero,

4A dimension is said to be productive if the packet has not yet reached the
destination coordinate corresponding to the dimension.

TABLE I
RPM VC ALLOCATION

packets are routed along the Z dimension on VC set 0. On
the other hand, if the Z offset is zero and a packet is chosen
to use XY routing, the packet is forwarded to the output
port along the X dimension on VC set 0, if the X offset
is non-zero. If the X offset is also zero, the packet is for-
warded to the output port along the Y dimension on VC set
0. Alternatively, if the packet is chosen to use YX routing,
it is forwarded to the output port along the Y dimension on
VC set 1, if the Y offset is non-zero. If the Y offset is also
zero, the packet is forwarded to the output port along the
X dimension on VC set 1.

• For packets at VC set 0 of and ports, the X, Y and
Z offsets to the final destination are computed. If either X
or Y dimensions are productive, packets are forwarded on
VC set 0 using XY routing. Once packets reach the X and
Y coordinates of the destination, they are either ejected,
if the Z offset is 0, or forwarded along the appropriate Z
output port on VC set 1. Packets at VC set 0 of and

ports are routed similarly, the only difference being
that the X offset can be ignored for these packets as they
are guaranteed to have reached the X coordinate of the
destination.

• For packets at VC set 1 of or ports, the Y, X and
Z offsets to the final destination are computed. If either Y
or X dimensions are productive, packets are forwarded on
VC set 1 using YX routing. Once packets reach the Y and
X coordinates of the destination, they are either ejected,
if the Z offset is 0, or forwarded along the appropriate Z
output port on VC set 1. Packets at VC set 1 of or
ports are routed similarly, the only difference being that
the Y offset can be ignored for these packets as they are
guaranteed to have reached the destination Y coordinate.

For symmetric mesh topologies, a randomized version of
RPM that needs three sets of VCs is used, as discussed in
Section IV-A. In addition to choosing an intermediate layer and
the order of dimension traversal within a layer, the randomized
variant also needs to select one of X, Y or Z dimensions for
load-balancing packets. This decision has to be taken during
packet injection and stored in the packet header. The route
computation at intermediate routers can then be divided into
three parallel planes to handle, X-YZ/ZY-X, Y-XZ/ZX-Y, and
Z-XY/YX-Z routing, based on the routing plane chosen for a
packet at the time of injection. The VC allocation stage looks at
the input port, the input VC set, and the output port of a packet
to determine the output VC set. The output VC set is equal to
input VC set + 1 if the packet is making a YX, ZY or ZX turn.
Otherwise, the output VC set is equal to the input VC set.

V. RMF ROUTING

RPM achieves near-optimal worst-case throughput in 3-D
mesh networks by load-balancing packets uniformly across all
vertical layers and routing minimally on the horizontal layers.
However, RPM is not minimal in terms of latency since it needs
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to route packets to a randomly chosen intermediate layer. As
described in Section IV-B2, the intermediate layer selection
process in RPM is oblivious to the packet’s destination, which
may result in routing in non-minimal directions. Non-minimal
routing can be avoided to some extent by using a packet’s
destination in the layer-selection process and preferentially
choosing an intermediate layer in the minimal direction. In
this section, we present a destination-aware layer selection
technique that can reduce the latency of RPM when the traffic
is inherently load-balanced, such as uniform random traffic. We
refer to this variant of RPM as RMF routing.
In a simple preferential load-balancing approach where

traffic is load-balanced along the vertical Z dimension, a node
keeps track of the number of flits sent to all vertical layers.
For routing a packet from source to destination

, the route computation logic first looks at the
number of flits sent to the minimal layers, i.e., layers between
and . If any of these layers have a deficit of flits, the

packet is sent to the first minimal layer with a flit deficit. If
none of the minimal layers have a deficit, the packet is routed
to a non-minimal layer. This approach requires counters
at a node, similar to the load-balancing technique described
in Section IV-B2, and some logic to identify minimal layers.
The main intuition behind this approach is that if the traffic is
inherently load-balanced, packets can be routed to intermediate
layers in the minimal direction more often, without causing an
overall imbalance in the traffic routed to different layers. This
simple preferential load-balancing technique, however, is not
provably worst-case throughput optimal.
As discussed in Section III-A, the foundation for the

worst-case throughput optimality of RPM is laid using Claim
1, which shows that the projected 2-D traffic on any XY plane
using RPM is doubly sub-stochastic provided the 3-D traffic
matrix is doubly sub-stochastic. The preferential load-balancing
technique described above satisfies (4) because every node still
sends only fraction of the total traffic it generates, to
a particular layer. This approach, however, cannot guarantee
that (5) is satisfied. This is because, it is possible that a node

on the layer receives more flits than
on the layer as layer might be in the minimal direction
of more traffic flows to coordinates , compared to
layer . As a result, node may receive more than

fraction of the total traffic destined to the set of nodes at
coordinates . A source node may not see this imbalance
as it may be sending more traffic to a different coordinate
of the layer, , compared to . There-
fore, in order to make RMF worst-case throughput optimal,
preferential layer load-balancing needs to be done individually
for each column of the network. RMF routing, described
next, does exactly that.
For implementing RMF, a node in the network maintains

a set of credit counters that count the number of
credits available to send flits to the coordinate of layer .
The counters are all initialized to zero. When source
at needs to route an flit packet to destination

, the route computation stage looks at the values of
credit counters, . If any one of the

minimal layers between and (including and ) has non-
negative credits, it is selected as the intermediate routing layer.
If all minimal layers have negative credits, a non-minimal layer
with non-negative credits is chosen as the intermediate layer. To

guarantee flit-level load-balancing similar to the counter-based
layer selection technique described in Section IV-B2, if layer
is chosen as the intermediate routing layer, is

decremented by . At the same time,
is incremented by for all . Instead of choosing a
minimal layer with non-negative credits, RMF can be general-
ized to choosing a minimal layer with ,
where is a positive threshold. This approach allows packets
to be routed minimally even when the minimal layers are tem-
porarily oversubscribed by at most flits. However, over time,
the imbalance caused by flits is negligible for small values of
.
In this way, RMF satisfies Claim 1, which implies that the

worst-case channel load on any channel in the X or Y dimen-
sions is . The load on the Z channels with RMF
is strictly less than the corresponding load on the Z channels
with RPM because the combined channel load of phases 1 and 2
of Z routing is reduced by preferring minimal paths. Therefore,
Claims 2 and 3 with regard to worst-case throughput optimality
hold for RMF.
The above description can be extended to a randomized ver-

sion of RMF, which load balances packets along all three di-
mensions with equal probability (instead of just the Z dimen-
sion) and routes minimally in the two remaining dimensions.
The randomized variant of RMF is better suited for symmetric
mesh networks because it balances the channel load equally be-
tween the X, Y, and Z channels. However, randomized RMF
requires a separate set of counters for load balancing flits along
each of the X, Y, and Z dimensions. As in the case of RPM,
randomization is not needed for practical asymmetric topolo-
gies where load-balancing along the shorter dimension leads
to higher throughput.
When the traffic is not inherently load-balanced, like per-

mutation traffic patterns, where a source sends all its traffic
to a single destination, RMF routing is equivalent to RPM as
the layer load-balancing requirement at each column
forces packets to use non-minimal intermediate layers. The
performance comparison of RPM and RMF is presented in
Section VI along with an estimate of the overhead required for
implementing RMF.

VI. EVALUATION

In this section, we compare the performance of RPM with
the routing algorithms described in Table II. The first four are
oblivious routing algorithms where the routing paths are inde-
pendent of the network state. DUATO [7] is a deadlock-free
minimal adaptive routing algorithm. We include an adaptive
routing algorithm in our evaluation to show that oblivious
routing algorithms with good load-balancing capabilities can
perform as well and sometimes even better than adaptive
routing algorithms, without incurring the extra overheads
associated with adaptive routing.
We evaluate the performance of RPM on two symmetric

( and ) and two asymmetric ( and
) 3-D mesh topologies. In practice, 3-D mesh networks are

not expected to be symmetric in 3-D chip designs. The number
of available device layers is expected to be fewer than the
number of processor tiles that can be placed along the edge of
a device layer. Hence, we chose to evaluate the performance of
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TABLE II
ROUTING ALGORITHMS EVALUATED

RPM on asymmetric and mesh topologies,
both with only 4 device layers.
The randomized version of RPM discussed in Section IV-A is

used in the symmetric mesh topologies. For asymmetric meshes,
we load-balance only along the short vertical dimension. Ran-
domization improves the average throughput of RPM on sym-
metric meshes while retaining the same worst-case throughput,
since it distributes traffic equally along all three dimensions.
On the other hand, for asymmetric meshes, the links along the
short vertical dimension are more lightly loaded compared to
the links along the longer horizontal dimensions. Consequently,
two-phase routing only along the lightly loaded vertical dimen-
sion offers better performance.
This section is divided into three main parts. First, Sec-

tion VI-A compares RPM with DOR, O1TURN, ROMM and
VAL using a simplified throughput analysis technique based
on channel load measurement (see Section II). This analysis
assumes ideal single cycle routers with infinite buffers. Since
these techniques are only applicable to oblivious routing algo-
rithms, we do not consider comparisons with adaptive routing
and destination-aware RMF routing in this section. Next, we
back the results obtained using ideal throughput analysis with
more realistic flit-level simulations in Section VI-B. Here, in
addition to comparing RPM with the oblivious routing algo-
rithms, we present performance comparisons with adaptive
routing and also compare the performance of RMF with RPM
and DOR. Finally, Section VI-C evaluates the power and area
overheads associated with implementing RPM and RMF in
on-chip routers.

A. Throughput Evaluation

The normalized saturation throughput results (normalized to
the network capacity) for each oblivious routing algorithm on
each traffic pattern of Table III are shown in Table IV for the
four different 3-D mesh configurations. As discussed briefly
in Section II, we use the methodology proposed in [19] to de-
termine worst-case throughput. Similarly, the average-case re-
sults were computed using the technique described in Section II
by averaging the throughput measured over 100 000 randomly
generated permutation traffic patterns. In addition to worst-case
and average-case analysis, we also evaluate the throughput of
the routing algorithms on a mixture of benign traffic patterns
like uniform random traffic and adversarial traffic patterns like
DOR-WC traffic, which is a worst-case traffic pattern for DOR.
The worst-case analysis results validate that RPM indeed

achieves (near) optimal worst-case throughput for both the

TABLE III
TRAFFIC PATTERNS EVALUATED

TABLE IV
COMPARISON OF NORMALIZED THROUGHPUT OF DIFFERENT

ROUTING ALGORITHMS

symmetric and asymmetric cases. For the symmetric
and mesh topologies, RPM achieves the same
optimal worst-case throughput as VAL and outperforms DOR,
ROMM, and O1TURN by 300%–700%, 144%–284%, and
100%–233%, respectively.
In terms of average-case throughput for the two symmetric

mesh topologies, RPM significantly outperforms VAL, DOR,
ROMM, and O1TURN by 24%–34%, 92%–109%, 45%–49%,
and 29%–31%, respectively. Figs. 4 and 5 present the his-
tograms of the normalized saturation throughputs for the
symmetric and topologies, respectively,
under randomly generated permutation traffic patterns that
were used to measure average-case throughput of the routing
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Fig. 4. Histograms of saturation throughputs under random permutation traffic patterns for a Mesh (a) DOR (b) ROMM (c) O1TURN (d) RPM.

Fig. 5. Histograms of saturation throughputs under random permutation traffic patterns for a Mesh. (a) DOR. (b) ROMM. (c) O1TURN. (d) RPM.

Fig. 6. Histograms of saturation throughputs under random permutation traffic patterns for a Mesh. (a) DOR. (b) ROMM. (c) O1TURN. (d) RPM.

algorithms. The normalized saturation throughput of VAL
is 0.5 for all traffic patterns. The histograms clearly show
that compared to the other minimal routing algorithms, RPM
achieves higher saturation throughputs over the wide range of
traffic patterns evaluated. Moreover, for all traffic patterns, the
normalized saturation throughput of RPM is greater than 0.5,
which validates its worst-case throughput optimality and also
shows that it achieves higher throughput than VAL.
RPM also performs very well under adversarial traffic

patterns, namely on transpose and DOR-WC traffic. The
throughput of DOR, ROMM, and O1TURN degrade tremen-
dously under both these traffic patterns. Compared to the best
of the three minimal routing algorithms evaluated, RPM per-
forms 25% better on transpose and 233% better on DOR-WC
traffic for the configuration. Although DOR and
O1TURN can achieve better normalized throughput than RPM
on symmetric meshes when the traffic has already been uni-
formly randomized, the results for both are significantly worse
in the average and worst cases to justify the use of RPM when
worst-case performance is critical.
For the asymmetric and mesh topolo-

gies, RPM again achieves optimal worst-case throughput (same
as VAL) and outperforms DOR, ROMM, and O1TURN by
400%–500%, 182%–238%, and 100%, respectively. For these
topologies, RPM performs strictly better than all other routing
algorithms considered, both in terms of average-case throughput
and throughput for the different traffic patterns except for uni-
form and complement traffic, where it performs as well as
DOR and O1TURN. In terms of average-case throughput for
the two asymmetric configurations, RPM outperforms VAL,
DOR, ROMM, and O1TURN by 46%–52%, 90%–107%,
45%–54%, and 28%–35%, respectively. Figs. 6 and 7 show
the histograms of the normalized saturation throughputs for the

asymmetric and topologies, respectively,
under randomly generated permutation traffic patterns used
to determine average-case throughput. The results show that
over a large sample space of traffic patterns, RPM has higher
saturation throughput compared to both the minimal routing
algorithms and VAL, whose normalized saturation throughput
is 0.5 independent of the traffic.
As stated in (10), the latency of RPM is at most 1.33 times

minimal for symmetric meshes. RPM pays a significantly
smaller latency penalty compared to VAL (two times minimal)
to achieve optimal worst-case throughput. The latency penalty
of RPM is greatly reduced for practical asymmetric topologies
like the ones evaluated. Using the expressions in (11) and (12),
the average hop count of RPM reduces to just a factor of 1.19
of DOR for the topology and 1.11 of DOR for the

topology.

B. Detailed Flit-Level Simulation

The results obtained using ideal throughput analysis repre-
sent upper bounds to the actual achievable throughput because
it assumes ideal single-cycle routers with infinite buffers and
ignores issues like flow control and contention in switches. In
this section, we evaluate the performance of different routing al-
gorithms using cycle-accurate flit-level simulations which pro-
vide more realistic insights into the performance of routing al-
gorithms. This section is divided into three parts. Section VI-B1
describes the simulation framework, Section VI-B2 compares
the performance of RPMwith existing mesh routing algorithms,
and Section VI-B3 compares the performance of the RMF with
RPM and DOR.
1) Simulation Setup: We modified the PopNet [16] on-chip

network simulator to perform flit-level simulations. PopNet
models a typical input-buffered VC router with five pipelined



2090 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 20, NO. 11, NOVEMBER 2012

Fig. 7. Histograms of saturation throughputs under random permutation traffic patterns for a Mesh. (a) DOR. (b) ROMM. (c) O1TURN. (d) RPM.

Fig. 8. Performance of RPM on a Mesh. (a) Uniform Random. (b) Transpose. (c) Complement. (d) DOR-WC.

Fig. 9. Performance of RPM on a Mesh. (a) Uniform Random. (b) Transpose. (c) Complement. (d) DOR-WC.

stages. Route computation is performed in the first stage fol-
lowed by VC allocation, switch arbitration, switch traversal
and link traversal. The head flit of a packet proceeds through
all five stages while the body and tail flits bypass the first two
stages and inherit the output port and output VC reserved by the
head flit. Credit-based flit-level flow control is used between
adjacent routers. We assume 8 virtual channels per physical
channel, each 5 flits deep. For the asymmetric topologies,
the 8 VCs are divided into two sets of four VCs for avoiding
deadlock, as described in Section IV-A. Similarly, for the
symmetric topologies, the 8 VCs are divided into two sets of 3
VCs and one set of 2VCs to avoid deadlock. We include 8 VCs
in our setup because it is well known that VCs improve the
throughput of any routing algorithm by reducing head-of-line
blocking and enabling better statistical multiplexing of flits.
So, having a reasonably large number of VCs lets us compare
the best performance of all routing algorithms. The injected
packets are of a fixed size of 5 flits. The packet size and buffer
size used are the same as the parameters identified by Wang
et al. [22] as representative approximations of the on-chip
networks of RAW [18] and TRIPS [9].
We used PopNet to evaluate the average routing delays under

different injection loads. For each simulation, we ran the sim-
ulator for 500 000 cycles. The latency of a packet is measured
as the delay between the time the head flit is injected into the
network and the time the tail flit is consumed at the destination.
In addition to comparing RPM with the oblivious routing al-
gorithms used in the previous section, we also implemented a
minimal adaptive routing algorithm based on deadlock avoid-

ance (DUATO [7]) for comparison. The adaptive routing algo-
rithm uses next-hop buffer occupancy to select the least con-
gested output port. In this case, one out of the 8 VCs serves as an
escape VC to avoid deadlocks. The four traffic patterns used in
the previous section, i.e., Uniform random, Complement, Trans-
pose and DOR-WC are also used for flit-level simulations.
2) Simulation Results: The simulation results are presented

in Figs. 8–11 for the four 3-D mesh configurations. The results
follow a trend similar to the simplified throughput analysis pre-
sented in the previous section. RPM consistently achieves good
throughput over all traffic patterns considered. The saturation
throughput of RPM is higher than VAL and its latency is strictly
lower than VAL over all traffic patterns evaluated and for all four
topologies considered.
RPM can closely match the high throughput of adaptive

routing (DUATO) on adversarial traffic like transpose and
DOR-WC while other oblivious routing algorithms perform
poorly. RPM can, however, match DUATO’s performance
without adding the overheads and complexities associated with
adaptive routing.
Although DOR and O1TURN perform well on uniform and

bit-complement traffic, their performance degrades significantly
under transpose and the DOR-WC traffic, where both are clearly
outperformed byRPM. The normalized throughput of O1TURN
and DOR under DOR-WC traffic degrades with the increase in
network radix from 4 to 8. On the other hand, the normalized
throughput of RPM changes very little when the network radix
is increased. RPM also outperforms ROMM on all traffic pat-
terns considered, except uniform traffic on the topology.
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Fig. 10. Performance of RPM on a Mesh. (a) Uniform Random. (b) Transpose. (c) Complement. (d) DOR-WC.

Fig. 11. Performance of RPM on a Mesh. (a) Uniform Random. (b) Transpose. (c) Complement. (d) DOR-WC.

Fig. 12. Performance of RMF on a Mesh. (a) Uniform Random. (b) Transpose. (c) Complement. (d) DOR-WC.

The poor performance of ROMM and DUATO on bit-comple-
ment traffic, despite having sufficient path diversity, can be at-
tributed to the fact that they are restricted to routing in the min-
imal cube. This results in congestion on links in themiddle of the
network under complement traffic. RPM achieves better load
balancing by using non-minimal paths.
For the asymmetric mesh topologies, RPM is comparable

to DOR and O1TURN and better than ROMM on uniform
traffic. This is because, for the asymmetric topologies, two
phase routing on the short vertical dimension no longer forms
a throughput bottleneck and the overall throughput is primarily
determined by the saturation throughput of the horizontal
channels. For the two asymmetric topologies, RPM sustains
the highest (or close to highest) throughput over all oblivious
routing algorithms for all four traffic patterns evaluated.
Lastly, the latency of RPM is higher than the minimal routing

algorithms when the network is lightly loaded. The average la-
tency overhead of RPM over DOR can be deduced from the
difference in latencies of the two routing algorithms under uni-
form random traffic. For the symmetric mesh configurations,
the latency overhead under uniform random traffic is around
23% for the topology and 30.3% for the
topology. The overheads are slightly lower than those predicted
using hop-count analysis because packet delays in flit-level sim-
ulations include the transmission delay of multi-flit packets and

the router pipeline delay at the destination, which are ignored
while measuring hop count. The latency difference is consid-
erably less when compared to VAL and reduces significantly
for the two asymmetric configurations. In accordance with our
hop-count based calculations, the latency overhead of RPMover
DOR under uniform traffic was observed to be only around 15%
for the topology and 10% for the topology.
The results clearly validate the claim that O1TURN, which

achieves near-optimal worst case throughput for 2-D meshes,
performs poorly in the worst-case sense when extended to 3-D.
RPM, on the other hand, handles adversarial traffic much better
than existing routing algorithms and it does so while paying a far
smaller latency penalty compared to VAL. RPM is ideally suited
for practical asymmetric 3-D mesh configurations which have
fewer device layers compared to the number of nodes along the
edge of a layer. For such asymmetric topologies, RPM achieves
the highest throughput among all oblivious routing algorithms
and also pays negligible penalty in terms of latency over min-
imal routing.
3) Evaluation of RMF: In this section, we compare the per-

formance of RMF with RPM and DOR under uniform random,
transpose, bit complement, and DOR-WC traffic patterns. As
described in Section V, RMF can reduce the average packet la-
tency over RPM when the traffic is inherently load-balanced by
preferentially choosing intermediate layers in the minimal di-
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Fig. 13. Performance of RMF on a Mesh. (a) Uniform Random. (b) Transpose. (c) Complement. (d) DOR-WC.

TABLE V
POWER AND AREA EVALUATION

rection in a destination-aware manner. Among the four traffic
patterns considered, three of them (transpose, bit complement,
and DOR-WC) are permutation traffic patterns where a source
sends all its traffic to a single destination. Under such traffic pat-
terns, we expect RMF routing to degenerate to RPM as RMF
needs to load-balance flits across all vertical layers at each

column (see Section V). On the other hand, for uniform
random traffic, the packet destinations are already uniformly
distributed across the vertical layers at every column.
RMF takes advantage of this fact and preferentially chooses in-
termediate layers in the minimal directions, thereby cutting la-
tency without disrupting the overall balance.
Figs. 12 and 13 compare the performance of RMF with RPM

and DOR on the asymmetric and topologies,
respectively. For these asymmetric topologies, Z-XY/YX-Z
routing is used and destination-aware load-balancing is carried
out at every node using a set of credit counters, as discussed
in Section V. The performance of RMF using three different
threshold values are presented. A threshold of implies that
the minimal layers are preferentially chosen even when they
have a credit deficit of flits with respect to the non-minimal
layers.
As expected, the average latency of RMF is lower than RPM

under uniform random traffic. The latency reduction increases
as the threshold for preferring minimal layers is increased. For
the topology, the latency of RMF is 7.5%, 11% and
12.1% lower than RPM when the threshold is 0, 4 and 8 flits,
respectively. This represents latency penalties over DOR of just
8%, 4% and 2.6%, respectively, for the three thresholds. Slightly
lower latency reductions of 8%–9% over RPM are observed for
the topology where the latency penalty of RPM
over minimal routing is even smaller. Here, the latency penalty
of RMF over DOR is just 0.4%–1.2% for the three thresholds.
Finally, Figs. 12(b)–(d) and 13(b)–(d) show that RMF is at

least as good as RPM on the three permutation traffic patterns
both in terms of latency and throughput. This proves that using
RMF in place of RPM has no downside in terms of perfor-
mance. Implementing RMF, however, requires the management
of counters, where is the number of nodes in the network,
as discussed in Section V. The number of bits per counter

depends on a number of factors like maximum packet size,
threshold value and the number of layers in the topology.
Increasing the threshold increases the number of bits per
counter. Hence, selecting a threshold for preferential load-bal-
ancing is a tradeoff between latency and router overhead. The
next section compares the power and area overheads associated
with implementing RPM and RMF in on-chip routers.

C. Power and Area Evaluation

In this section, we evaluate the power and area overheads as-
sociated with the RPM/RMF routers over a baseline 3-D router.
To provide accurate comparisons, we implemented the baseline
3-D router as well as the RPM and RMF routers down to the
gate level, and we used post-layout power and area results for
our comparisons. In particular, the Verilog RTL implementation
for the baseline 3-D router was generated using NetMaker [1],
a fully-synthesizable parameterized router generator that imple-
ments an input-buffered pipelined virtual channel router. We
consider a baseline 7-port router with 8 VCs per port, 5 flits/VC
and a flit width of 16 bytes. For the RPM and RMF routers, we
extended the Verilog design of the baseline router by incorpo-
rating the additional logic needed to implement RPM and RMF,
respectively. The router RTLs were synthesized using Synopsys
design compiler with TSMC 65 nm GP process libraries, and
Cadence SoC Encounter was used for placement and routing.
The frequency of operation was set at 1 GHz.
The router is specifically designed for a topology.

For RPM, we used the last two bits of an 8 bit LFSR to select
an intermediate layer, as discussed in Section IV-B-II. We used
one of the remaining bits from the LFSR to choose between XY
and YX routing. The additional logic required for RMF is a set
of 256 counters arranged as 64 registers, each 20 bits wide. Each
register represents four 5-bit counters associated with a partic-
ular column of the network. The coordinates of
the destination are looked up to extract the right set of coun-
ters and the operations discussed in Section V are performed to
preferentially load-balance packets in minimal directions. The
layer selection operation is carried out one cycle before packet
injection to avoid adding to the delay of a router pipeline stage.
Table V presents the post-layout power and area for the base-

line, RPM and RMF routers. In comparison to the baseline 3-D
router, the post-layout results show that the power and area over-
heads associated with implementing RPM are just 0.02% and
0.06%, respectively, which are quite negligible. For the RMF
router, the power and area overheads over the baseline router
are 1.7% and 3.4%, respectively.
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VII. CONCLUSION

In this paper, we proposed a new oblivious routing algo-
rithm for 3-D mesh networks called RPM routing. Although
minimal routing with near-optimal worst-case throughput
has already been achieved for the 2-D mesh case using an
algorithm called O1TURN [15], the optimality of O1TURN
does not extend to 3-D or higher dimensions. RPM provably
achieves optimal worst-case throughput for 3-D meshes when
the network radix is even and within a factor of of
optimal worst-case throughput when is odd. Moreover,
RPM significantly outperforms DOR, ROMM, O1TURN and
VAL in average-case throughput by 90%–109%, 45%–54%,
28%–35%, and 24%–52%, respectively, on the different sym-
metric and asymmetric mesh topologies evaluated. Finally,
whereas VAL [20] achieves optimal worst-case throughput
at a penalty factor of 2 in average latency over DOR, RPM
achieves (near) optimal worst-case throughput with a much
smaller penalty of 1.33. In practice, the average latency of RPM
is expected to be closer to minimal routing because 3-D mesh
networks are not expected to be symmetric in 3-D chip designs.
For practical asymmetric 3-D mesh configurations where the
number of device layers is far fewer than the number of nodes
along the edge of a layer, the average latency of RPM reduces to
just a factor of 1.11 of DOR. Finally, we also proposed a variant
of RPM called RMF routing which uses the knowledge of a
packet’s destination while load balancing traffic to intermediate
layers. RMF leverages the inherent load-balancing properties
of the network traffic to reduce packet latency. On uniform
traffic, the latency of RMF is only 0.4%–2.6% higher than
DOR. RMF also retains the worst-case throughput optimality
of RPM and performs at least as well or better than RPM on a
wide range of traffic patterns. We estimate the power and area
cost of implementing RPM and RMF in on-chip routers. RPM
router has negligible overhead while RMF has a 1.7% power
and 3.4% area overhead over a baseline 3-D router.
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