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Abstract

With the advent of chip multiprocessors (CMPs) in main-
stream systems, the on-chip network that connects different
processing cores becomes a critical part of the design. There
has been significant work in the recent past on designing these
networks for efficiency and scalability. However, most net-
work design evaluations use a stand-alone network simulator
which fails to capture the system-level implications of the de-
sign. New design innovations, which might yield promising
results when evaluated using such stand-alone models, may
not look that attractive when evaluated in a full-system simu-
lation framework.

In this work, we present GARNET, a detailed network
model incorporated inside a full-system simulator which
enables system-level performance and power modeling of
network-level techniques. GARNET also facilitates accu-
rate evaluation of techniques that simultaneously leverage the
memory hierarchy as well as the interconnection network. We
also discuss express virtual channels, a novel flow control
technique which improves network energy/delay by creating
virtual lanes in the network along which packets can bypass
intermediate routers.

1 Introduction

There is an ever-increasing need to design computer hard-
ware or software in the context of the final design. A de-
sign innovation might be very attractive intuitively. However,
it may be difficult to quantify its impact unless full-system
simulation results are presented. A full-system simulator is
a computer program that can simulate full computer systems
at a level of detail such that complete software stacks from
real systems can run on the simulator without any modifica-
tion. Since a simulator is essentially a software program, it
can arbitrarily parameterize, control, inspect and analyze the
target system it is modeling. A full-system simulator should
model the processing system and the memory sub-system in a
functionally-accurate manner. Support for timing simulation
is a very important characteristic that these simulators must
possess. Furthermore, flexibility in modifying the underlying
microarchitectural features is also a desired property. With the
advent of multi-core systems and the need to simulate systems
with large processor counts and complicated memory hierar-
chy, full-system simulators are increasingly in demand.

With the rapid adoption of many-core chips [5], the on-
chip network becomes an integral part of future chip multi-
processor (CMP) systems. Communication affects not only
performance, but may also be the most power-hungry part
of the system. Thus, interconnection networks can no longer
be ignored while performing system characterization. There
are three major reasons why full-system simulation infrastruc-

tures should have detailed and accurate network models:

e A system-level optimization might seem very promis-
ing when simulated with an approximate network model.
However, it may turn out to be not so effective in the ac-
tual design. For example, a coherence protocol might be
designed under certain assumptions about the network
model, which, if not true, might prove costly in the final
design.

e There is a need to evaluate network-level techniques
from a full-system point of view in order to find out the
exact implications of the technique on the whole system.
This is important because a network technique, e.g., a
new flow control, might show some particular network
power and latency characteristics when evaluated on a
network-only simulator, but might have totally different
system-level implications.

e A lack of full-system simulation infrastructure prevents
proper evaluation of techniques that simultaneously use
the interconnection network as well as other top-level
system components, e.g., caches, etc. For example, a
new cache-coherence protocol that leverages some of the
network properties, e.g., ordering, flow control, etc., is
very difficult to correctly evaluate without a full-system
simulation infrastructure which models the network in
detail.

Naturally, we wish to simulate systems with high accuracy
and reasonable performance. However, in most cases, it is dif-
ficult to implement a detailed and accurate model that is fast
enough to run realistic workloads. Adding detailed features
increases the simulation overhead and has performance impli-
cations. However, there are platforms that carefully trade off
accuracy and performance using sufficiently abstract impor-
tant system characteristics while still maintaining reasonable
speed of simulation on realistic workloads. One such platform
is the GEMS [7] full-system simulation platform.

GEMS limitations: GEMS does a good job of captur-
ing detailed aspects of the processing cores, cache hierarchy,
cache coherence and memory controllers. These components
are fairly well parameterized and easy to extend. This has
enabled the widespread use of GEMS in the computer archi-
tecture research community. However, a limitation of GEMS
is its approximate interconnect model. The interconnection
substrate in GEMS serves as a communication fabric between
various cache and memory controllers. The model is basi-
cally a set of links and nodes that can be configured for vari-
ous topologies with each link having a particular latency and
bandwidth. A message traverses the network hop-by-hop to-
wards the destination, stalling when there is contention for



bandwidth. This is an approximate implementation and far re-
moved from what a state-of-art interconnection network (de-
scribed in Section 2.1) looks like. Also, GEMS does not
model a router or a network interface. These and other lim-
itations in the interconnect model can significantly affect the
results reported by the current GEMS implementation. Also,
for researchers focusing on low-level interconnection network
issues, GEMS is not particularly useful.

In the light of the above issues, we have developed a
detailed and flexible interconnect model inside GEMS. Our
model is called GARNET. GARNET is a detailed timing
model of a state-of-art interconnection network modeled in
detail up to the microarchitecture level. A classic five-stage
pipelined router [2] with virtual channel flow control is im-
plemented. We describe our model in detail in the following
section.

The contribution of GARNET is three-fold. Firstly, it pro-
vides an opportunity for interconnection network evaluations
to be done in a full-system simulation fashion. Secondly,
it provides a detailed and accurate interconnect model for
GEMS, so that it can report more realistic and accurate tim-
ing results. Thirdly, it enables evaluation of techniques that
use the interconnection network as well as other system-level
components simultaneously.

The rest of the paper provides the details of the GARNET
model (Section 2) and then describes a novel flow-control
technique (Section 3). We finally conclude and present some
future directions of research in Section 4.

2 GARNET Network Model

In this section, we first describe a state-of-the-art on-chip
network, followed by an overview of GEMS, and finally the
detailed description of GARNET.

2.1 State-of-the-art on-chip network

Modern state-of-the-art on-chip network designs use a
modular packet-switched fabric in which network channels
are shared over multiple packet flows. Figure 1(a) shows the
microarchitecture of a virtual channel (VC) router present at
each node in this network — its major components are the input
buffers, route computation logic, VC allocator, switch alloca-
tor, and crossbar switch. Figure 1(b) shows the router pipeline
with each flit going through buffer write (BW) where it gets
decoded and buffered according to the packet’s input VC, VC
allocation (VA) and switch allocation (SA) where it arbitrates
for a free VC and its next output port simultaneously in a spec-
ulative manner [8], switch traversal (ST) where it traverses the
crossbar, and finally link traversal (LT) where it travels to the
next node. This pipeline assumes each packet’s route to be
computed one hop in advance using look-ahead routing [4] so
as to remove route computation delay from the critical path
and enabling flits to compete for VCs immediately after the
BW stage.

2.2 GEMS overview

Figure 2 gives an overview of the underlying design of
GEMS with GARNET. The major GEMS modules in the sys-
tem are as follows:

e Simics: The Simics [9] module is responsible for the ac-
tual functional simulation and various timing modules
can be hooked up with it. It approximates a simple

in-order processor with no pipeline stalls. All memory
operations, like load, store and instruction fetches, are
passed onto the memory system timing module (Ruby).
Ruby stalls the requesting Simics’ processor and per-
forms the memory operation. By controlling the tim-
ing when Simics advances, Ruby simulates the timing-
dependent characteristics of instructions.

e Opal: The Opal module models a dynamically-
scheduled, superscalar, deeply-pipelined SPARC v9 pro-
cessor. It taps each instruction from Simics and executes
the processor pipeline. When it determines that the time
has come for an instruction to retire, it instructs the func-
tional simulator of the corresponding Simics processor
to advance one instruction.

e Ruby: Ruby is the memory system module that does de-
tailed timing simulation of different memory accesses.
It models caches, cache controllers, system intercon-
nect, memory controllers and banks of main memory.
It allows a great deal of flexibility in specifying various
cache coherence protocols. It uses a queue-driven event
model to simulate timing. Components communicate us-
ing message buffers of various latencies and bandwidth.
After simulating the memory access, it is the job of Ruby
to “wake up” the Simics processor that was stalled on
that particular memory access. Ruby also has a flexi-
ble language in which a cache coherence protocol can be
specified.

2.3 GARNET

An interconnect model inside a full-system simulation
framework should be flexible as well as model in detail the
microarchitectural components. Research works focusing on
low-level interconnection network issues require detailed fea-
tures that are easily extensible. On the other hand, for research
that is focused on the processor and memory system, an in-
terconnect model, which abstracts the actual hardware with
sufficient accuracy, is acceptable. Such approximate models
should, however, include parameters that can be easily tuned.
For example, the number of pipeline stages in a router, and the
link latency and bandwidth should be configurable. We imple-
mented two models which serve the above requirements. We
label the approximate model as the “flexible pipeline” model,
since it can mimic an arbitrary router pipeline. The network
model that models the network microarchitecture in detail is
called the “detailed network™ model.

e Flexible pipeline model: This network model has vir-
tual channel flow control. It is modeled at the flit level.
The number of pipeline stages is configurable. Link con-
tention, buffer backpressure due to finite buffering, and
virtual channel arbitration are also modeled. Features,
such as internal crossbar microarchitecture and speedup,
switch allocation and credits, are not modeled. Most of
the interconnection network features are parameterized
and can be quickly changed to evaluate the desired net-
work configuration.

e Detailed network model: The detailed model includes
detailed aspects of a router pipeline and has a classic
five-stage pipeline [2]. All detailed router features are
modeled and are event-driven in nature. Network per-
formance characteristics, such as link activity, buffer us-
age, switch activity, average network delay, etc., can be
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Figure 1. State-of-the-art network

evaluated. These detailed features can be easily used to
evaluate network performance and power.

The GARNET model is highly parameterizable and flex-
ible. Various network properties, such as number of VCs,
buffer size, number of pipeline stages, flit size, etc., can be
passed as parameters. GARNET extracts its topology specifi-
cation scheme from the GEMS original network model. The
topology is specified using a flexible user-defined interface.
Any arbitrary network can be created using a configuration
file. The topology is specified by a set of links between routers
whose latencies can be individually specified. Routing is as-
sumed to be dimension-ordered, but can be easily extended to
more sophisticated routing schemes. GARNET models vir-
tual networks for different classes of messages and point-to-
point ordering can be enabled or disabled on a per-virtual-
network basis. The design provides the flexibility and ease to
simulate almost any kind of interconnection network.

With GARNET completely integrated into GEMS, we now
have a full-system simulator that can model in detail the pro-
cessor, memory and interconnection system of a CMP. GEMS
already has a power model (Wattch [1]) for the processing ele-
ments. We have integrated the interconnection network power
model (Orion [10]) into GARNET. Thus, GEMS with GAR-
NET can now report full-system power and performance re-
sults.

3 ExpressVirtual Channels

As explained in Section 2.1, a packet in a state-of-the-
art network needs to traverse multiple stages of the router
pipeline at each hop along its route. Hence, energy/delay in
such networks is largely dominated by contention at interme-
diate routers, resulting in a high router-to-link energy/delay
ratio. In other words, the performance and energy gaps be-
tween current state-of-the-art networks and the ideal intercon-
nect, in which all nodes are connected by pair-wise dedicated
wires, is quite large. Figure 3(a) shows an example of a typ-
ical packet route in this baseline, state-of-the-art network. A
packet traveling from node 01 to node 56 must go through the
router pipeline at all intermediate nodes along its route.

In this section, we discuss our work on express virtual
channels (EVCs) [6], a novel flow control and router mi-
croarchitecture design which significantly reduces router en-
ergy/delay overhead by creating virtual express lanes in the
network and allowing packets to bypass intermediate routers
when traveling along these lanes. Intuitively, this is achieved

full-system performance full-system power

Figure 2. GEMS (with GARNET incor-
porated) overview

by statically designating a set of EVCs at each router that al-
ways connect nodes A and B that are & hops away, and prior-
itizing these EVCs over normal virtual channels (NVCs) [3]
at the intermediate nodes. We present two variants of EVCs —
static and dynamic.

3.1 Static EVCs

Each node in a static EVC network is distinguished as ei-
ther an EVC source or sink node, or a bypass node. A node is
an EVC source or sink along a specific dimension if an EVC
(of length k-hops) along that dimension originates or termi-
nates at that node. Bypass nodes, on the other hand, do not
act as EVC sources or sinks and are the ones that are virtu-
ally bypassed by packets traveling on EVCs. For example, in
Figure 3(b), which shows a 7x7 2D mesh network with three-
hop static EVCs (k = 3), node 00 is an EVC source or sink
for both the x and y dimensions, whereas node 13 is an EVC
source or sink node along the x dimension, and node 04 is an
EVC source or sink node along the y dimension. Nodes 01
and 02 are examples of bypass nodes along the x dimension;
nodes 10 and 20 are examples of bypass nodes along the y
dimension. The dotted lines depict EVCs, where EVCs are
not additional physical channels, but VCs that share existing
physical links. The entire set of VCs is divided into two types:

o NVCs: these are VCs which are allocated just like in tra-
ditional VC flow control [3] and are responsible for car-
rying a packet through a single hop.

e k-hop EVCs: these are VCs which carry the packet
through & consecutive hops (where k is the fixed length
of the EVC and is uniform throughout the network).

Bypass nodes only support the allocation of NVCs, not EVCs,
with EVCs bypassing their router pipelines. Therefore, pack-
ets can acquire EVCs along a particular dimension only at
EVC source/sink nodes. When a packet traveling on an EVC
reaches a bypass node, it bypasses the entire router pipeline,
skipping VC allocation as it continues on the same EVC it
currently holds. It does not need to go through switch alloca-
tion as EVCs are prioritized over NVCs and are thus able to
gain automatic passage through the switch without any con-
tention. In other words, a packet traveling on a k-hop EVC
traverses the next k — 1 nodes without having to go through
the router pipeline. Thus, a packet tries to traverse as many
EVCs as possible along its route from the source to destina-
tion. NVCs are only used to reach an EVC source/sink in
order to hop onto an EVC or when the hop-count in a dimen-
sion is less than k, the EVC length. Figure 3(b) depicts the



(a) Baseline state-of-the-art network

(b) Three-hop static EVC network

(¢) Dynamic EVC network with l,,q0 =3

Figure 3. Example packet route in the baseline and an EVC network with shaded nodes depicting the
ones which are bypassed (solid lines are NVCs, dotted ones are EVCS)

VCs acquired by a packet traveling from node 01 to node 56
using deterministic XY routing. Here, the packet first travels
on two NVCs to reach an EVC source/sink node 03, followed
by EVC traversals which allow it to skip the router pipeline at
nodes 04, 05, 16 and 26, and finally NVC traversals to reach
its destination node 56.

3.2 Impact on router overhead

Bypassing nodes using EVCs helps significantly reduce
the router overhead in packet-switched designs. Figure 4(a)
shows the express router pipeline which a flit goes through
whenever it bypasses a node using EVCs. As the flit does
not need to go through BW, VA and SA stages, it can head
directly to ST, followed by LT, to the next node at the end
of which the flit gets latched. The crossbar switch can be
aggressively tailored for EVCs to further shorten the express
pipeline by removing the ST stage and allowing EVC flits to
bypass the crossbar as well (shown in Figure 4(b)). As can
be seen, the pipeline is now reduced to just LT: approaching
that of the ideal interconnect. Note that bypassing routers us-
ing EVCs happens non-speculatively at all levels of network
loading, unlike prior techniques, like bypassing or specula-
tion, which are effective only under low network load.

Unlike speculative techniques, EVCs also lead to a signifi-
cant reduction in network energy consumption. While travel-
ing on an EVC, a packet skips the router pipeline at interme-
diate nodes, without the need for getting buffered or having
to arbitrate for a VC or the switch port. This in effect saves
buffer write energy, buffer read energy, VC arbitration energy
and switch arbitration energy, thereby significantly reducing
router energy and approaching ideal energy. The aggressive
express pipeline removes crossbar traversal energy as well,
though link energy increases slightly because of higher load.

Using virtual express lanes, which effectively act as ded-
icated wires between pairs of nodes, EVCs are also able to
create partial communication flows in the network, thereby
improving resource utilization and reducing contention at in-
dividual routers. Thus, packets spend less time waiting for
resources at each router which lowers the average queuing
delay, allowing the network to push through more packets be-
fore saturation and hence approach ideal throughput.
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Figure 4. EVC router pipelines
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Figure 5. EVC router microarchitecture

3.3 Dynamic EVCs

A static EVC design can lead to asymmetry in the network
due to classification of nodes as source/sink and bypass nodes
and lack of flexibility due to fixed-length EVCs. Dynamic
EVCs overcome these limitations by: (a) making every node
in the network a source/sink, thereby leading to a symmet-
ric design with fairness among nodes, and (b) allowing EVCs
of varying lengths (from two hops upto a maximum of /,,,4;
hops) to originate from a node, which improves adaptivity
by allowing packets to pick EVCs of appropriate lengths to
match their route the best. Unlike static EVCs, which parti-
tion all VCs between two bins of NVCs and uniform-length
EVCs, dynamic EVCs divide the VCs at each router port into
a total of ,,,4, bins with one bin for NVCs and [,,,,,, — 1 bins
for EVCs of lengths from two through [, 4, hops. Figure 3(c)
shows the VCs acquired by a packet traveling from node 01 to
node 56 using XY routing in a dynamic EVC network with
Imaz = 3, where all nodes are sources and sinks of two- and
three-hop EVCs (only the used EVCs are shown for clarity).
As can be seen, the packet is able to bypass more nodes along
its path by using a combination of EVCs which best match its
route.

3.4 EVC router microarchitecture

Figure 5 shows the microarchitecture of a router in a dy-
namic EVC design. The differences from a generic router are
shaded. An EVC latch is used at each input port to hold flits
arriving on an EVC. As mentioned before, EVC flits do not
need to get buffered at the router while bypassing. As men-
tioned earlier, the entire set of VCs at each port in a dynamic
EVC design is partitioned into NVCs and EVCs of lengths
from two through /,,,, hops. In order to prevent head-of-



line blocking, two separate sets of VC allocators are used at
every node: one which allocates EVCs and the other NVCs.
Depending on the output port and number of hops left in the
packet’s next dimension, the packet either places a request to
allocate an NVC (if the number of straight hops left in the next
dimension is less than two which is the smallest EVC length)
or an appropriate EVC based on the number of straight hops
left in the next dimension. For the non-aggressive express
pipeline in Figure 4(a), no modifications need to be made to
the crossbar switch design, since the EVC latch in the input
port is multiplexed with the local NVC input buffers, shar-
ing a single input port to the crossbar. However, to achieve
the aggressive express pipeline in Figure 4(b), where EVC
flits (which always travel straight and cannot turn when us-
ing EVCs) bypass the switch altogether, additional links are
needed around the crossbar only along straight directions,
with these links multiplexed with the normal crossbar output.
The EVC latch, in this case, needs to be physically located
near the center of the router and acts as a staging latch, break-
ing the flit’s path through the network and effectively bypass-
ing the entire datapath of the router.

EVCs require extra wires in the reverse direction for flow-
control and starvation signaling. This overhead, however, is
only a small fraction of forward wiring — as compared to a
3% overhead for the baseline design (assuming 128-bit wide
forward channels), the overhead for an EVC-based design is
5% for static EVCs, 7% for dynamic EVCs with [,,,,, = 2 and
14% for dynamic EVCs with 1,4, = 3.

It can be seen that since EVC connections are virtual as
opposed to physical, they are able to connect each node in
the network to many other nodes using express paths without
incurring the corresponding area/energy overhead in terms of
additional router ports and, hence, can be implemented with
low hardware overhead using skinny and area- and energy-
efficient routers, while requiring only a small overhead in re-
verse wiring.

3.5 EVC evaluation

We evaluated the performance of EVCs using an in-house
commercial cycle-accurate microarchitecture simulator which
models all major components of the router pipeline at clock
granularity while using Orion [10], an architecture-level net-
work power model, to evaluate network energy.

Figure 6(a) plots flit latencies for uniform random traffic
for a 7x7 network as a function of the injected load (assuming
two-hop EVCs and the aggressive express pipeline). EVCs
significantly outperform the baseline, with static EVCs re-
ducing latency by 29.2% before the baseline saturates. The
corresponding reduction for dynamic EVCs is 44.7% along
with a significant improvement in throughput, with the net-
work saturating at around 82% capacity. When comparing
router energy consumption (Figure 6(b)), at 70% capacity be-
fore the baseline saturates, the reduction is 21% and 24.5%
for static and dynamic EVCs, respectively, over a power-
optimized baseline. The reductions are even higher (34.4%
and 52.8% in latency and 23.5% and 38% in router energy for
static and dynamic EVCs, respectively) for a larger 10x10
network using three-hop EVCs along with a 23% through-
put improvement (approaching 88% capacity) using dynamic
EVCs, which highlights the highly scalable nature of this de-
sign.

4 Conclusion and Future Work

With on-chip networks becoming a critical component of
present and future CMP designs, understanding the system-
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Figure 6. Uniform random traffic results

level implications of network techniques becomes increas-
ingly important. In this work, we presented GARNET, a
detailed network model integrated in a full-system simula-
tion environment which allows detailed power/performance
evaluations of the complete system. We also presented our
work on EVCs, a flow-control technique which helps reduce
router overhead in packet-switched network designs. In the
future, we plan to do a more detailed system-level evaluation
of EVCs using the GARNET framework. We are also in the
process of designing a fast and scalable cache coherence pro-
tocol for CMP systems which leverages network flow control
techniques.
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