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Abstract

Admission, congestion, and peak power control mech-
anisms are essential parts of a cluster network design
for supporting integrated traffic. While an admission
control algorithm helps in delivering the assured perfor-
mance, a congestion control algorithm regulates traffic
injection to avoid network saturation. Peak power con-
trol forces to meet pre-specified power constraints while
maintaining the service quality by regulating the injec-
tion of packets. In this paper, we propose these con-
trol algorithms for clusters, which are increasingly be-
ing used in o diverse set of applications that require
QoS guarantees. The uniqueness of our approach is that
we develop these algorithms for wormhole-switched net-
works, which have been used in designing clusters. We
use QQoS-capable wormhole routers and QQoS-capable net-
work interface cards (NICs), referred to as Host Channel

Adapters (HCAs) in Inﬁm’BandTM Architecture (IBA),
to evaluate the effectiveness of these algorithms. The ad-
mission control is applied at the HCAs and the routers,
while the congestion control and the peak power control
are deployed only at the HCAs. A mized workload con-
sisting of best-effort, real-time, and control traffic is used
to investigate the effectiveness of the proposed schemes.

Simulation results with a single router (8-port) clus-
ter and a 2-D mesh network cluster indicate that the ad-
mission, congestion, and peak power control algorithms
are quite effective in delivering the assured performance.
The proposed credit-based congestion control algorithm
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0541360 and CCF-0541384. A preliminary version of this paper
was presented at the IEEE International Conference on Cluster
Computing, September 2002.

is simple and practical in that it relies on hardware al-
ready available in the HCA/NIC to regulate traffic in-
jection.

Index Terms: Admission Control, Congestion Con-
trol, Cluster Network, HCA/NIC, Quality of Service,
Peak Power Control, Wormhole Router.

1 Introduction

Clustering servers is a cost-effective approach in de-
signing scalable and high-performance computers that
can support various scientific and commercial applica-
tions with diverse requirements. And, reversely, these
applications pose significant design challenges in cluster
networks in terms of Quality of Service (QoS), perfor-
mance, and energy efficiency. To provide high band-
width and low latency, clusters using switched net-
work architectures are becoming more popular than
broadcast-based networks in recent years. A cluster in-
terconnect consisting of routers, links, and network in-
terface cards (NICs) can be used to connect multiple
PCs, multiple blades in a single server (Mellanox Ni-
tro II [1]), multiple processors on a single board (Com-
paq Alpha 21364 [2]) or even multiple components on a
single chip. InfiniBand '™ Architecture (IBA) [3], pro-

posed as a new communication standard to design Sys-



tem Area Networks (SANs), is a packet switch-based in-
terconnection technology that connects processors and
I/0 devices directly under one unifying design.

QoS support in clusters has been studied extensively
by many researchers [4, 5, 6, 7, 8, 9, 10, 11]. One of such
approaches that provide QoS support in a communica-
tion network is to supply admission and congestion con-
trol to regulate the number of active connections in the
network and the number of injected packets in those con-
nections. Admission control determines the acceptance
of a new connection request in the network, based on
the requirement of the new connection and the current
resource capacity availabe in the network. If the accep-
tance of the new connection jeopardizes QoS guarantees
of already established connections, admission control de-
nies the setup of the new connection. However, admis-
sion control alone may not be effective enough to guar-
antee Service Level Agreements (SLAs) of the applica-
tions because they may exhibit unpredictable behavior,
resulting in short- or medium-term network traffic over-
load. Such traffic overload considerably degrades over-
all network throughput. Therefore, congestion control
is typically used to monitor the network load, and in-
tervene when the network load reaches a certain thresh-
old indicating possible network congestion. Since a con-
gestion management scheme also brings its own set of
constraints on the injection of traffic flows into the net-
work, both admission control and congestion manage-
ment are collectively needed to guarantee various QoS
constraints. This is especially true in clusters running a
diverse set of applications.

Energy efficiency is another design challenge when
building cluster networks, since it turned out that the
cluster-based data centers consume significant power
and the power usage is a major fraction of the total own-
ership cost [12]. The cost of thermal packages to manage
operating temperature is also enormous in server racks
of a data center [13]. [14] showed that the interconnec-
tion fabric consumes a significant portion of the total
cluster power and that links are the major consumer in

the cluster interconnects. Since application traffic tends

to make cluster interconnects acquire more power, the
total consumption of the network power may surpass
the supplied power causing reliability problems [15]. To
ensure power contraint satisfaction as well as high per-
formance, therefore, cluster interconnects must have a
peak power control mechanism.

The focus of the paper is on the design of admis-
sion and congestion control algorithms along with peak
power control to supplement a wormhole-routed clus-
ter interconnect for achieving both high and predictable
performance. In this paper, we develop these control
mechanisms using the wormhole router fabric proposed
in [11]. However, unlike the NIC design of [11], we em-
ulate a Host Channel Adapter (HCA) as proposed in
the IBA framework to study the network interface (NI)
performance.

The main contributions of the paper are the follow-

ing:

e Although the Weighted Round Robin (WRR)
scheduling has been used in the Internet routers
and is also proposed for IBA, the actual implemen-
tation is rather intricate. This is primarily because
mapping of the applications to appropriate weights
depends on the selected frame size. We implement
four variations of the WRR algorithm in the router
and the HCA using two different frame sizes to
support proportional bandwidth allocation. Per-
formance implications of these implementations are

analyzed.

e We develop a simple admission control algorithm to
decide on the admission of real-time applications.
The proposed admission control mechanism is or-
thogonal to the router and NIC design, and helps
in further reducing the Deadline Missing Probabil-
ity (DMP) and Deadline Missing Time (DMT) of

real-time applications.

e Next, we propose a novel and practical congestion
management scheme using the concept of credit-

based flow control. This congestion management



algorithm uses the Completion Queue (CQ) in the
HCA to determine the traffic load in the network.

e We propose Credit-based peak power control to
meet pre-specified power constraints while main-
taining the service quality, by regulating the in-
jection of packets in the HCA. We take different
approaches for different traffic types. For real-time
traffic, our scheme determines the acceptance of a
new connection based on the requirement of the
power consumption of the connection and avaiable
power budget. For best-effort traffic, we calculate
power consumption of a packet based on the dis-
tance from its source to the destination. If the ex-
pected power consumption exceeds the power bud-
get, we throttle the injection of the packet inside
the HCA.

e We propose separate Completion Queue (CQ)
scheme for end-to-end congestion control of best-
effort traffic by providing multiple CQs in the HCA,
with which we can take fine-grained control of best-
effort traffic. The original scheme is to provide as
many CQs as the number of nodes in the network,
but we show that a Quad CQ configuration is suf-
ficient for a mesh network by which we can reduce
the overhead of implementing a large number of
CQs in the HCA.

o We evaluate end-to-end QoS guarantees in clusters
by integrating all the proposed techniques with the
QoS-aware HCA and the QoS-aware network. Such
a comprehensive study has not been undertaken in

any prior research.

We develop a detailed simulator integrating the clus-
ter interconnect (routers and NICs/HCAs) and all the
schemes. We use a mixed workload consisting of three
types of traffic — short control messages, best-effort
traffic, and real-time traffic (MPEG-2 video stream
traces and ON/OFF sources). We conduct an in-depth
analysis of the cluster performance using average mes-
sage latency, Deadline Missing Probability (DMP) of

MPEG-2 frames, and Deadline Missing Time (DMT) as
the performance metrics. The first parameter quanti-
fies performance implications for the best-effort traffic,
control traffic, and ON/OFF traffic, while the other two
parameters are indicators of MPEG-2 traffic behavior.
Simulation results of a single router (8-port) cluster
and a 2-D mesh network cluster indicate that the in-
tegrated admission and congestion control is capable
of delivering much better QoS compared to a cluster
system without these control mechanisms. Specifically,
both the schemes help in providing a very low and sta-
ble DMP and DMT for MPEG-2 streams over the entire
workload, while the DMP and DMT values are higher
and unstable without these controls. For the ON/OFF
and best-effort traffic, the combined control mechanisms
minimize average message latency significantly as the
load increases. In summary, performance is the best
with an integrated admission and congestion control,
while admission control is more effective at lower load
and congestion control is more effective at higher load.
Another advantage of the proposed credit-based con-
gestion control algorithm is that it can be implemented
using the hardware already available in the HCA. More-
over, our scheme can perform selective/per flow control
and is shown to provide better performance than two
recently proposed congestion control schemes [16, 17].
Although the admission and congestion control schemes
are discussed in the context of wormhole networks, they

should be applicable to packet-switched networks.

2 Related Work

Admission Control: An admission control algo-
rithm determines whether a new real-time traffic flow
can be admitted to the network without jeopardizing the
performance guarantees given to the already established
flows. Such an algorithm is essential irrespective of the
underlying communication architecture to regulate the
traffic flow. Admission control in packet-switched net-
works has been a rich area of research. There are two

broad classes of admission control algorithms: determin-



istic and statistical admission control.

For real-time services that need a hard or absolute
bound on the delay of every packet, a deterministic ad-
mission is used [18]. For such deterministic services, an
admission control algorithm calculates the worst-case
behavior of existing flows in addition to the incoming
one before deciding if the new flow should be admitted.
This model underutilizes network resources, especially
with traffic burst.

Many of the new applications such as the media
streams do not need hard performance guarantees and
can tolerate a small violation in performance bounds.
A statistical admission control scheme can be used for
such applications. In this approach, an effective band-
width that is larger than the average rate but less than
the peak rate is commonly used. The bandwidth can be
computed using a statistical model [19] or a fluid flow
approximation [20].

For admission control in clusters, the Multimedia
Router (MMR) [8] uses the average and peak rates
of requests. However, this router uses Pipelined Cir-
cuit Switching (PCS) [21] for real-time traffic and needs
one virtual channel (VC) per connection (flow). The
Switcherland router [5], based on the ATM protocol,
uses a statistical admission algorithm. A flit reserva-
tion flow control scheme that uses control flits to reserve
bandwidth and buffers prior to the transfer of data flits
has been proposed recently [22].

Congestion Control: Congestion control is re-
quired to regulate traffic injection into a network to
avoid network saturation, which may lead to perfor-
mance degradation. In networks with QoS guaran-
tees, congestion control mechanisms first attempt to
regulate best-effort and misbehaving real-time traffic,
and if required, then traffic from other service classes.
In wormhole-switched networks, prior work on conges-
tion control tends to limit message injection rate in
each node when a specified network saturation point is
reached [16, 23, 17]. Local or global information could
be used to determine network saturation. For exam-

ple, [16] used the busy/free status of VCs to assess net-

work congestion. [23] counted on the global network
state to detect network congestion. To achieve a global
view of the network, each node communicates its traffic
status with other nodes, which may lead to excessive
communication overhead. [17] suggested a self-tuned
approach that determines appropriate threshold values

to estimate network congestion.

Previous congestion control algorithms for wormhole-
switched networks do not provide an end-to-end con-
gestion control. They only consider the network/router
status, not the NI, which is closer to the applications.
Moreover, instead of penalizing the flow that caused
congestion, a uniform reduction rate is typically applied
to all the flows that pass through the congested point.
Ideally, it should provide selective congestion control per
flow/application as is done in the Internet TCP flow con-
trol. The proposed algorithm has this selective control

ability.

Peak Power Control: The power consumption be-
havior and models of different switch fabrics have been
explored in [24]. Techniques for optimizing power dis-
sipation in high speed links have been proposed in [25].
Analytical power models for interconnection networks
have been developed based on transistor counts in [26].
[27] has presented an analytical power model to ex-
plore different switch configurations. While extended
Dynamic Voltage Scaling (DVS) technique [28] to op-
timize link power in regular interconnection networks
can conserve significant link energy, it degrades network
latency severely especially at low to medium load [14].
Recently, Dynamic Link Shutdown (DLS) technique was
proposed [14], which shuts links with low utilization

down intelligently.

[29] developed the Muse prototype, which enables a
data center to determine the number of active servers in
a cluster in the view of the overall performance and en-
ergy cost. PowerHerd [30] has a distributed mechanism
in each router to dynamically regulate power to ensure
that the peak power constraint in the interconnection

network is not exceeded.



3 System Architecture

In this section we describe the cluster interconnect.
It includes a QoS-capable wormhole router architecture,
the NIC or the HCA, and a rate-based scheduling algo-
rithm, called VL arbitration, used in the router and the
HCA. Also the energy model used in the cluster inter-

connect is explained.
3.1 Router Architecture

The pipelined wormhole router is shown in Figure 1.
The first stage of the pipeline represents the functional
units, which synchronize the incoming flits, demulti-
plex a flit so that it can go to one of the C' virtual
lanes (VLs)! to be subsequently decoded. If the flit is a
header flit, routing decision and arbitration for the cor-
rect crossbar output is performed in the next two stages
(Stage 2 and Stage 3), while middle flits and the tail
flit of a message bypass Stages 2 and 3, and directly
move to Stage 4. Flits get routed to the correct cross-
bar output ports in Stage 4. The router has a scheduler
(arbiter /multiplexer) at the input port of the crossbar.
In the traditional best-effort model, the scheduler can
select one of the C' VLs using FCFS or Round Robin
(RR) principle. Finally, the last stage of the router per-
forms buffering of flits flowing out of the crossbar, mul-
tiplexes the physical channel bandwidth amongst the C
VLs, and carries out synchronization with input buffers
of other routers or the HCA for the subsequent transfer
of flits. The VLs are statically assigned to different traf-
fic classes during initial system configuration. A traffic
class is allowed to use only the VLs assigned to it. The

VL arbitration is described in Section 3.3.

3.2 Host Channel Adapter (HCA) Architecture

The importance of an NI in minimizing communica-

tion overhead is well documented in the literature. In

1Virtual lanes as used in the InfiniBand terminology, and vir-
tual channels are synonymous, and are used interchangeably in
this paper.
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Figure 1. A 5-stage Pipelined Router Model

a recent study [11], it was shown that QoS provision-
ing in the NIC is essential to transfer the benefits of
the network to the application level. Therefore, we also
design a QoS-capable NIC in this study to analyze the
entire communication substrate. Here we use the Chan-
nel Adapter (CA) specification of IBA and modify it to
provide QoS in the NIC. Note that the CA specification
is very similar to the VIA design.

The HCA architecture proposed in IBA is shown in
Figure 2. A consumer (abstracted from an application)
creates one or more Queue Pairs (QPs) and one or more
Completion Queues (CQs) in a CA. A QP actually con-
sists of two queues: one for sending messages and an-
other for receiving messages. The consumer creates a
Work Request (WR), which when passing through the
IBA software stack gets converted to a Work Queue El-
ement (WQE). The WQE subsequently gets deposited
into a QP sending queue. Then the following sequence
of events take place: the CA processes the WQE; the
DMA engine in the CA transfers data from the host
memory to one of the Virtual Lanes (VLs) of the CA’s
port; then data gets pushed into the network. A WRR
scheme is also used for arbitrating the VLs in the HCA
port. When the CA completes executing a WQE, it
places a Completion Queue Element (CQE) in its CQ.
The sequence of events on the receiver and sender sides
are similar [3]. Note that since the HCA is assumed
to use the system bus instead of the standard PCI bus,
only one DMA is required to bring data from the user
memory to a VL in the HCA. (With a PCI bus interface,



this transfer requires two DMAs: one for WQE transfer
and the other for data transfer.)

In IBA, a CA may implement up to 16 VLs. VL
— VLi4 are referred to as Data VLs and are used for
data transfer; VL;5 is referred to as the management
VL and is dedicated to control traffic. We extend the
IBA framework to include a prioritized QP scheduling
structure to support prioritized traffic transfer. This is
similar to the prioritized doorbell scheme in the VIA
domain [11]. In this scheme, there is a queue for each
traffic class. An application posts a message in the ap-
propriate queue after inserting the WQE in its QP. The
CA firmware decides which QP to service in FCFS order
based on their priority (traffic class) and programs the
host DMA engine to transfer the message to the appro-
priate VL in the HCA port. Messages of the same class
do not get reordered in this scheme. This prioritized QP
scheduling helps in transferring the higher priority mes-
sages first to the VLs, where they are scheduled using
the WRR scheme to be pushed to the network.
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Figure 2. A Proposed IBA HCA with QoS Sup-
port

To make the CA design compatible to the QoS-aware
router of the previous section, we implemented in the
CA buffer an equal number of (C) VLs to enable vir-
tual channel flow control in the CA. As messages are
transferred into the CA by the host DMA, they are bro-
ken into flits. The CA buffer behaves as FCFS queues
for the different VLs. The flits are injected into the

network at the rate of one flit per cycle.

3.3 VL Arbitration

VL arbitration or scheduling refers to the selection
of an outgoing link of a router or channel adapter. In
a multiplexed crossbar router implementation, we also
need the arbiter at the input port of the crossbar (in
Stage 4 of the pipeline of Figure 1). The arbiter se-
lects the flit to transmit from the set of candidate flits
competing for that port.

IBA specifies a two-level scheme for VL arbitration.
First, all the applications are classified into different pri-
ority classes (SLs) and a priority scheduling is used for
scheduling different classes. Next, a WRR scheme is
used to schedule traffic of the same class. Addition-
ally, the scheme provides a method to ensure forward
progress of the low-priority VLs. Also, the weight cal-
culation, prioritization, and minimum forward progress
bandwidth should be programmable.

Although the WRR scheme is used for both best-
effort and real-time traffic, it degenerates to the simple
RR scheme for best-effort traffic. Here we discuss how
we assign weights to real-time traffic. The weight value
(0 - 255) specifies the amount of bandwidth allocation.
Since IBA has limited number of VLs for data transfer,
many connections may share the same VL. Thus, the
weight of a VL implies the total amount of bandwidth
allocated to all connections using the VL. The actual
weight assignment to different connections is the intri-
cate part of the WRR scheme. Given the total number
of frames (F) and the bandwidth R, allocated to a VL
v, the WRR scheme computes the weights as follows.

Let r; be the bandwidth requirement of connection
i that is assigned to the VL v, and W, be the weight

of VL v. Then R, = EV connection i in VL, Ti- The

proportional bandwidth allocated to VL v (p,) is given

by «——2——. The weight for VL v is given by W, =

Zw’ VL, R
(py X F). (The maximum frame size in IBA is 255 x 64,
because there are 64 entries in the VL arbitration table
and the maximum weight value of each entry is 255.)
For example, let there be only 2 VLs, and R; = 100 and

R = 200. In this case, the weight assignment becomes



Wi =1, and Wy = 2 for F' = 3. If we use a larger frame
size (F' = 300), then W; = 100, and W = 200.

If the proportional bandwidth assignments are all ra-
tional as in the previous example, (p1 = 1,p2 = 3),
where a bandwidth allotment can be expressed by two
integers (p = %), then the frame size F' will be the
least common multiple of the denominators. But with
R; = 101 and R, = 200 in the previous example, this
scheme gives Wy = 101, Wy = 200, and F' = 301. These
weight values can be used for allocating ezact bandwidth
without truncation error. But, with a fixed small frame
size (F = 6), R1 = 100 and Ry = 200, we get Wy = 2
and Wy = 4, and for R; = 101, Ry = 200, we also
get the same weights, W7 = 2 and W, = 4, indicating
truncation error.

Next, let us examine the implementation of the WRR,
scheme. Each entry in the VL arbitration table contains
a VL number and its weight value. A pointer circulates
the table in a round robin fashion and points to the
next entry eligible for scheduling. There are two ways
to spread bandwidth with this approach. First, once
one entry has a turn to send, it can contiguously transfer
flits equal to its assigned weight. (This is identical to the
IBA specification, although the unit of transfer in IBA
is one packet.) Let us call this scheme a slow moving
pointer. Second, only one flit is transfered at any time
and then the pointer moves to the next available entry.
This is termed as a fast moving pointer scheme.

Therefore, we have four options to implement a WRR,
scheme: (i) A Small Frame size with a fast moving
pointer; (ii) A Small Frame size with a slow moving
pointer; (iii) A Large Frame size with a fast moving
pointer; and (iv) A Large Frame size with a slow moving
pointer. A small frame size has the traffic reshaping abil-
ity to handle traffic burst [31], but suffers from trunca-
tion error. A large frame size, on the other hand, avoid
truncation errors, but cannot mitigate traffic burst. We
have analyzed all these four designs in this study.

We have implemented the WRR schemes with a small
fixed frame number and the largest frame size allowed in
the IBA specification (255 x 64). The small frame size is

decided intuitively as (k x N), where N is the number of
VLs for real-time applications and k is a small constant.
Let B be the total link bandwidth and B, be the average
allocated bandwidth for all real-time traffic. For a VL
v of real-time traffic, p, = g—:. Then, W, = (py X
F). In the case of a large frame, the admission control
algorithm will not refresh the assignments of all weights,
but will only update the weight for the connection, if
B, is fixed. If the allocated bandwidth for a certain
SL dynamically changes during connection set up, we
will not be able to get the above advantage. In case
of a small frame size, the admission control algorithm
re-computes the weights for each new connection setup.

Finally we discuss the assignment of Limit for trans-
ferring high priority traffic. In wormhole switching,
bandwidth requirement is carried by the header flit of a
message. For this study, since we use admission control,
the bandwidth requirement for connection ¢ is carried by
a probe message as described in the next section. The
bandwidth requirement in the probe is for the entire
connection. While the bandwidth requirement (r;) rep-
resents the average bandwidth of a stream i, the peak
rate of the stream (p;) is used for the assignment of
Limit of high priority, denoted as L. Let B, be the sum
of peak bandwidth of all real-time traffic and is given by
B, =3 p;. If B, > B, we assign L = 255. (The admis-
sion control algorithm will accept the connection only
if the sum of average rate is less than the total band-
width.) If B, < B, then L = % since B = B, + B
and By = % where By is the minimum allocated band-
width for best-effort traffic. With this limit, we can pre-
vent starvation of lower priority messages by assuring a

minimum forwarding bandwidth (By).
3.4 Energy Model

The router energy model has 4 components: FIFO
buffers, lookup tables, crossbar and output port arbiter.
The main energy parameters used in this paper are sum-
marized in Table 1. In this model each buffer is broken

into a number of cells, where each cell has one sleep tran-



| Component | Status | Energy (pJ) |
Input/Output Buffer (per flit) Read 31.125
Write 27.075
Arbitration Active 6.10086
Crossbar (per flit) Active 68.475
Header Size 128 bits N/A
Input/Output VL Buffer Size 1280 bits N/A
Physical Link Energy Consumption (per bit) | 2.5 Gbps 10.21

Table 1. System and Energy Parameters (180 nm Design)

sistor. We power down cells after reading them, since
the FIFO access pattern is deterministic and the data
is not needed again.

Our HCA energy model has a RISC processor, SMB
local memory, DMA controller, doorbell queues, and VL
arbiter. We use DRAM data sheets [32] to obtain the
energy numbers for the local memory and the doorbell
queues. To evaluate the energy consumed by the RISC
processor in the HCA, we use a StrongARM 1100 RISC
core [33] based energy simulator and execute the kernel
code. The physical links are capable of sending 2.5 Gbps
data over a reasonable distance for cluster interconnects.
The link includes the transmitter, receiver, and clock
recovery at the receiver. The link energy consumption

value for the 180 nm design is also shown in Table 1.

4 Admission and Congestion Control
4.1 Admission Control

The admission control algorithm decides whether a
new real-time connection request should be accepted or
rejected. Before a real-time traffic source starts its data
transmission, it sends a probe packet to the destination.
The probe packet includes the routing information and
the solicited bandwidth. The first admission control
check is performed at the corresponding HCA. If ac-
cepted, the solicited bandwidth of the request is added
to the total currently used bandwidth of the physical
link; then the probe packet is forwarded to the con-
nected router. If rejected, a NACK is sent back to the

traffic source without changing the currently used band-

width of the physical link.

Upon receiving the probe packet, each router com-
pares the available link bandwidth of the destination
port for the packet with the requested bandwidth to
decide whether the link has sufficient bandwidth. If ac-
cepted, the router checks the destination node of the
packet. If the destination is the same as the address
of the present router, an ACK message is sent back to
the source. Otherwise, the router forwards the probe
packet to the next router using the underlying routing
algorithm and destination address. In both cases, the
solicited bandwidth of the request is added to the to-
tal used bandwidth of the destination physical link and
to that of the incoming physical link, where the probe
packet resides. In addition, weight calculation for the

WRR scheduling is also performed.
If the request is rejected in the router, a NACK mes-

sage, which also includes the address of the router that
rejected the request, is sent back to the source. This
NACK message travels back to the source using the un-
derlying routing algorithm, which means that the for-

ward and returning paths could be different.

After receiving the ACK message, the source starts
to send its data packets. On the other hand, if it re-
ceives a NACK message, the source sends a release mes-
sage that includes the same routing information, band-
width requirement, and the address of the router that
rejected the request. Each HCA or router that receives
the release message carries out the restoration proce-
dure where the required bandwidth is subtracted from
the total used bandwidth of the physical link(s) and the



weights for WRR are recalculated.

Then the router compares the address of the node
that rejected the request in the release message with
that of the neighboring router to decide if the release
message should be sent further. If they are the same,
it implies that the neighboring router had initiated the
rejection, and so there is no need to send the release
message further. Otherwise, it forwards the message
to the neighboring router until all the reservations are
released. Our simple scheme avoids deadlock by sending
the release message from the source node, but incurs
additional latency.

When the source finishes data transmission, it inserts
the same bandwidth requirement that was used for con-
nection setup in the header of the final data packet. The
HCA and routers release the reserved resources as this
packet goes through them.

Bandwidth reservation using a probe packet is not a
new concept. It is the best known scheme for provid-
ing hard QoS guarantees and has been used in packet-
switched networks. What is new in this paper is how do
we establish and tear down reservations in a wormhole-
switched network. Such a reservation may not be re-
quired for statistical soft guarantees, which can be done

using a QoS-aware network architecture [34, 11].
4.2 Congestion Control Algorithm

Network congestion occurs when more traffic is in-
jected into the network than what the network resources
can handle. The aim of any congestion control algo-
rithm is to detect congestion occurrence at inception
or as early as possible and then take appropriate cor-
rective action. However, early congestion detection is
extremely difficult, and possibly not reliable due to un-
predictable traffic behavior. It seems that there are no
well-accepted congestion control mechanisms due to var-
ious limitations.

Our goal for congestion control in clusters here is to
regulate the injection rate of traffic sources according to

the status of the available network resources. Therefore,

we propose a congestion preventive mechanism. Note
that unlike the Internet congestion control, we do not
allow dropping packets in the network. (Also, packet
dropping is complex in wormhole-switched network.) If
the network resources are not available, packets can be
dropped or back-logged at the injection points. The
key issue is then how to find the status of the network
resources at the HCA.

IBA specifies link-level credit-based flow control?.
The same scheme is also used in wormhole switching.
This scheme can be implemented using relatively small
size buffers, and hence the flow control information can
be propagated faster. The flow control traverses back-
ward up to the HCA of the source node.

In the HCA design as described in Section 3.2, a Com-
pletion Queue Element (CQE) is deposited in the com-
pletion queue (CQ) of the sender.® Tt is possible to
interpret a CQE as a credit to send a message to the
HCA, which in turn implies that the network should be
able to accept the message. If a consumer is allowed
to inject messages into the HCA equal to the number
of CQEs, congestion will not occur in the network. We
call this scheme Credit-Based Congestion Control. The
protocol is simple and practical in that there is no need
of any extra hardware for implementing it since the CQ
is a part of the HCA. What is required is a judicious
selection of the number of initial credits.

We need a certain number of initial credits at each
HCA to start message injection into the network. This
number could be different for each traffic class. Let C;
be the number of initial credits in the CQ for consumer
i. Then, the first C; messages of a consumer ¢ can be
injected into the HCA without any constraint. After
that, source i can inject additional messages into the
HCA only after the HCA has injected messages into the
network, and has returned credits to the CQ. Therefore,

in the steady state, the injection rate of a consumer 4

2TBA also specifies end-to-end flow control only for reliable
Connected service. The receiver informs the sender about avail-
ability of credits using dedicated flow control packets [3].

3For reliable service, CQE will be placed after getting an ACK
from the receiver. In this case, we can have a different queue only
for credits from HCA.



will be equal to the incoming rate of credits to the CQ.
With this approach, the traffic burst can be controlled
with the number of initial credits (C;).

It is important to assign proper initial credits to each
consumer. Further, it should be obvious that the total
number of initial credits cannot exceed the size of the
buffer (M) in the HCA (3, C; < M). For each estab-
lished connection, initial credits are given according to

the bandwidth requirement (b;) as follows:

C; = % - M where B is the channel bandwidth.
Since best-effort traffic does not have any specific band-
width requirement, we heuristically assign the initial
credits for best-effort traffic(Cy) such that C, < M —
> Ci.

Credits are generated by the HCA and consumed by
a consumer. If the consumer does not have a credit in its
CQ, it has the two options. Either, the consumer waits
until a credit is available in the CQ; or it drops the mes-
sage and retries posting the message later. The former
approach is used to handle congestion control for best-
effort traffic; for real-time traffic, the latter approach

(message dropping) is used.

4.3 Separate CQs for End-to-End Congestion Con-
trol

IBA specification [3] makes it possible to have a mul-
tiple CQ configuration in the HCA. For connectionless
best-effort traffic, we do not separate CQs for each ap-
plication, while for connection based real-time traffic,
CQs will be created per connection. The initial credits
for real-time traffic in the HCA can be given per flow, as
a ratio of bandwidth requirement to channel bandwidth.
But there is no proper criterion on the number of credits
for best-effort traffic. Instead of assigning credits to the
flow like real-time traffic, a separate CQ for each desti-
nation can be constructed. When a whole packet enters
the network from an HCA, a credit will be generated
and placed into a CQ according to its destination. We

call this scheme Separate CQ. Since the stored credits
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of each CQ reflects the amount of available resources of
a different source-destination pair, Separate CQ enables
Credit-based Congestion Control to provide more fine-
grained traffic control than the Global CQ (a single CQ
configuration).

The number of CQs in the Separate CQ configura-
tion is the same as the number of nodes in the network.
As the size of network increases, multiple CQs can be a
waste of resources. In addition, its configuration is hard
to adapt when a new node has to be inserted or deleted
dynamically. Minimal routing on a mesh or torus topol-
ogy uses only one out of four quadrants; partitions based
on a source coordinate in both x-axis and y-axis. Based
on such a property, we can build Quad CQ configuration
that has 4 CQs in an HCA.

5 Peak Power Control

In this section, we propose Credit-based peak power
control that regulates the injection of packets in the
HCA. Fundamentally, before sending a packet or estab-
lishing a connection, we check the power budget avail-
ability (also called power credits) for the packet or the
connection. Only packets/connections which earn power
credits can enter the network. This scheme is imple-
mented based on the Credit-based Congestion Control

to prevent performance degradation under high load.

5.1 Peak Power Control

The peak power constraint is given to the network
to avoid thermal emergency, when the system designer
divides the total power budget for each part of the sys-
tem. To induce peak power constraint, It is required for
the reliable communication between routers to operate
safely as well as for the tight power budget to overcome
over-provisioning cooling packages. Since the routers try
to consume more power to maximize their performance,
the router circuit can get burned or have malfunctions
without the peak power control [15]. Therefore, in order
to guarantee power consumption of the network under

the specified power limit, we regulate the injection rate



35

Power Consumption (Watt)

1 1 1 1 1 1
30 40 50 60 70 80 90

Injection Rate (%)

Figure 3. Power Consumption of a 4x4 Mesh
Network

in the HCA. As shown in Figure 3, we can observe that
the power consumption is proportional to the network
load, which is in turn determined by the sum of the input
load at each HCA. Note that, if we successfully control
the peak input load that corresponds to the peak power,
the network can be sustained without any malfunctions.

Our goal is to maintain the service quality while con-
trolling the peak power consumption. According to the
IBA specification [3], we can categorize network traffic
into two classes; connection-based (real-time traffic) and
connectionless (best effort traffic). Connection-based
traffic usually requires QoS guarantees, which means
that once a connection is established, we need to pro-
vide a certain SL. On the other hand, connectionless
traffic does not have such a strict demand on perfor-
mance. Thus, we should take different approaches to
handle each type of traffic. To apply different schemes
for each traffic class, the total power budget (Py:51) is
divided and distributed to each traffic class by its ratio.

Protal = PRT + PBE < Ppeak:

where PR is power consumption for real-time traffic
and Py is power consumption for best-effort traffic.
The power budget for the peak power constraint is the
average power consumption over the thermal time con-
stant, which is several seconds in chip-to-chip networks
[35].
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Real-time traffic throttling: Since each flow of
real-time traffic has its bandwidth requirement and the
requirement should be guaranteed, we cannot throttle
the injection of packets for the admitted connection to
control the power consumption. Thus we can only re-
strict the number of connections/flows to be admitted
in the network so as to meet the peak power consump-
tion. This scheme can be regarded as an extension of
admission control. In the proposed admission control in
Section 4, we only check the bandwidth availability. In
our peak power control, we also check the power budget
along with the bandwidth availability.

Before a new connection is established in the network,
the probe packet checks whether the routers on the path
from the source to the destination have both sufficient
bandwidth and sufficient power budget for this new con-
nection to guarantee QoS and to meet the power con-
straints, respectively. If all routers have both sufficient
bandwidth and sufficient power budget, this connection
can be established in the network. Otherwise, it gets
rejected.

The bandwidth of the connection determines the
power required for that connection. The real-time traf-
fic, whose bandwidth is r bps, injects r/f flits per sec-
ond, where f is the flit size in bits. The energy con-
sumed for a single flit in a router (Eypgyter), is obtained
from our power model of the router. So a flit consumes
Erouter X r/f Watt at each router. The power budget
of each router on the path of the connection is recalcu-
lated by subtracting the consumed power from the for-
mer power budget of the router. This can be denoted
by the following formula. For each router ¢ in the set of

the routers on the path,

PRT(i) = PRT(i) — Erouter X7/ f

where P (i) is the power budget for router i. The
bandwidth of router ¢ with the updated power budget,
PRt (4), is equivalent to the available bandwidth that
can be assigned to a new real-time connection in the
router.

When we set the peak input load to k, the allo-



cated power budget of the router 4 for real-time traffic is
Eiouter X kR/f, where R is the maximum bandwidth.
The sum of all routers’ power budgets is equal to the
total power budget of real-time traffic (PRT).

Best-effort traffic throttling: Since best-effort
traffic has no bandwidth requirement, it seems impos-
sible to satisfy the peak power constraint by control-
ling the admission of connections. Instead of using the
bandwidth requirement, our method estimates the con-
sumed energy for a packet and traversal time in the net-
work. An HCA updates its energy budget at both the
packet departure time and the expected arrival time.
If the HCA does not have enough energy budget for a
new packet to deliver, the packet will be throttled. To
achieve this, we need to convert the power budget (PRg)
into the energy budget (Egg)-

The power budget can be converted into the energy
budget for every short period of time, T. (Note that
Epg = Ppg - T [30].) The total amount of best-effort
power budget (Pgg) is equally divided and assigned to
the power budget of each HCA. We need to estimate how
much energy and time are required for a single packet
delivery on a certain path. The wormhole switching
and time (L

requires energy (E to send

packet) packet)
a packet from a given source to a destination as shown
in the following formulas assuming one packet consists

of N flits.

Epacket = (Brouter - (D +1) + Ejjpyc - D) - N
Lpacket =(D+1)-S-1)+N+WgCca-
Erouter and Ej; 1 are energy values consumed by
routers and links respectively. D is the distance between
the source and the destination (number of hops). S is
the sum of cycles for router and link operations. WA
denotes a queueing delay in the HCA and it can be
estimated from the queue operations. The packet arrival

time (Lpacket)
When a packet departs from the HCA, the estimate

is estimated in terms of clock cycles.

of energy (Epacket) is subtracted from the energy bud-
get of the HCA if it has a sufficient energy budget. Af-

ter L cycles, the value is restored to the former

packet

12

energy budget. Since each HCA does not accept a best-
effort packet over the given energy budget, the sum of
all energy budgets in the HCAs is less than the peak
energy budget the system designer has set. Therefore,
total allocated energy budget for best-effort traffic is sat-
isfied by monitoring the energy budget and regulating
the injection rate inside the HCA.

6 Experimental Platform
6.1 Simulation Testbed

For evaluating the proposed designs, we have de-
veloped flit-level simulation models for the QoS-aware
routers and HCAs. The simulation models are flexible
in that one can specify the number of physical channels
(PCs), number of VLs per PC, link bandwidth, flit size,
packet size, mean and variation of Variable Bit Rate
(VBR) traffic, and many other architectural and work-
load parameters. It is also possible to configure any
network topology using these routers.

For our experiment, we simulated an 8-port router
connected with HCAs and a 2-D mesh network designed
using 5-port/6-port routers and HCAs. We used 16 VLs
per PC as has been proposed in the IBA specification.
The flit size is 128 bits, and each packet consists of 40
flits except for the control packets, which are 10-flit long.
Physical link bandwidth is 1.6Gbps (2.5 Gbps for Peak
power control), and flit buffers are 10-flit deep. Note
that there is a difference in the packet size between our
simulator and the IBA specification. Since our interest
here is to explore the feasibility of QoS support and Peak
power control in wormhole-switched networks, we are

using parameters compatible with recent router design.
6.2 Workload

Our workload includes packets from real-time VBR
traffic or ON/OFF traffic, best-effort traffic, and con-
trol traffic. The VBR traffic is generated as a stream
of packets between a pair of communicating (source-

destination) processors. The traffic in each stream is



generated from real MPEG-2 traces [36], where there are
7 video traces with different bandwidth requirements.
Each stream generates 30 frames/sec, and each frame is
fragmented into 40-flit size packets (except possibly the
last packet of a frame).

Once the input VL for a connection is determined,
the destination processor is picked randomly using a
uniform distribution of all nodes, and the destination
VL is also drawn randomly from a uniform distribution
of the VLs available for the VBR traffic.

Since the simulation with MPEG traces is extremely
time consuming, we also use an ON/OFF source to sim-
ulate real-time traffic. The ON/OFF traffic is generated
as a stream of packets between a pair of source and des-
tination nodes. During the OFF period, the source does
not generate any packets, while during the ON period,
packets are generated according to the given injection
rate Agpoff- Lo avoid traffic burst, the generation is
evenly scattered. The ON/OFF model with exponen-
tially distributed ON and OFF times is commonly used
to simulate real-time traffic [37, 38].

The best-effort traffic is generated with a given in-
jection rate Ay, and follows the Poisson distribution.
Best-effort packets are assumed 40-flit long, and a desti-
nation is picked using a uniform distribution. The input
and output VLs for a packet are assigned using a uni-
form distribution of the available VLs. Control traffic
is typically used for network configuration, congestion
control, and transfer of other control information. This
traffic has the highest priority in our model. We as-
sume the rate of control traffic is very low (ten packets
per 33.3 ms of simulation with MPEG-2 traffic and ten
packets per (OFF period + ON period)), and only one
VL (VL15) is assigned for this traffic.

The important output parameters measured in our
experiment are Deadline Missing Probability (DMP)
of delivered MPEG-2 frames, average Deadline Missing
Time (DMT) of deadline missing frames, and average
network latency for ON/OFF traffic, best-effort traffic,
and control traffic. DMP is the ratio of the number of

frames that missed their deadlines to the number of to-
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tal number of delivered frames. The deadline for each
frame is determined by adding 33.3 ms to the previ-
ous deadline, since the frame rate is 30 frames/sec for
MPEG-2 video streams. However, if a previous frame
missed its deadline, a new deadline is set by adding 33.3
ms to the arrival time of the previous frame. Whenever
a frame misses its deadline, we measure the deadline
missing time and then calculate the average DMT. We
use power consumption (watts) and packet latency to

compare the simulation results on peak power control.

7 Performance Results

We discuss the performance results in four subsec-
tions. First, we compare the four implementations
of WRR scheme.

credit-based congestion control scheme. Next, we eval-

Secondly, we analyze the proposed

uate the clusters with both admission and congestion
control. Finally we investigate the effectiveness of the
proposed peak power control. Most of the results for ad-
mission and congestion control are presented for a real-
time to best-effort ratio of 80:20, while the workload for
peak power control consists of 50% real-time and 50%
best-effort traffic.

7.1 Comparison of Four WRR Implementations

We begin by comparing the performance results of
the four WRR schemes described in Section 3.3. These
are (i) A Small Frame size with a fast moving pointer;
(ii) A Small Frame size with a slow moving pointer; (iii)
A Large Frame size with a fast moving pointer; and (iv)
A Large Frame size with a slow moving pointer. For
80% real-time traffic, 11 VLs are assigned. With the
constant k = 4, the small frame size becomes 44. We
gather the results from a single router cluster, which
has both congestion control and admission control. The
traffic mix includes control, best-effort and MPEG-2
traces. We use an input regulator to remove the traffic
burst in MPEG streams. It is already known that with
traffic burst, the first scheme will perform better [31].
With this experiment what we try to answer is the fol-

lowing question: Which WRR implementation will be



WRRs Load Fast Pointer Slow Pointer
DMP | DMT(ms) | DMP | DMT (ms)

Small Frame 60% | 0.030 0.031 0.034 0.034

Size 70% | 0.027 0.038 0.029 0.036

(F =44) 80% | 0.021 0.040 0.022 0.089

Large Frame 60% | 0.034 0.031 0.035 0.035

Size 70% | 0.024 0.037 0.032 0.034

(F=255x%x64) | 80% | 0.023 0.089 0.024 0.104

Table 2. Performance Results of Four WRR Implementations (Single Router Cluster)

a good choice in terms of performance and complexity
even without traffic burst? In Table 2, the first scheme
among the four WRR implementations provides the best
results in terms of DMP and DMT (DMT is around
0.04 msec compared to 0.09~0.10 msec in other three
cases for 80% input load), although we have used all
three mechanisms(regulator, admission and congestion
control) that prevent traffic burst. It turns out that
the truncation error of a small frame size doesn’t affect
performance. We believe these differences will be more
pronounced in a larger network and without traffic con-
trolling mechanisms. However, the main advantage of
WRR with a large frame is in reducing the complexity
of weight computation. This is a better choice where the
real-time applications include many short living connec-
tions and hence, admission control is invoked frequently.
Since we use long lasting MPEG-2 streams, which do not
need frequent weight calculation, we use the first WRR
scheme (small frame size (F' = 44) and a fast pointer)

in the rest of the experiments.

7.2 Comparisons of Congestion Control Algo-
rithms

We simulated the prior At-Least-One(ALO) [16] and
the Self-Tuned [17] congestion control schemes to com-
pare with our scheme. In the ALO congestion control,
the global network congestion is estimated locally at
each node. If at least one VL is free in every useful phys-
ical channel or if at least one physical channel has all its
VLs free, then the packet injection is allowed. Oth-
erwise the new packets are throttled. The Self-Tuned

congestion control technique uses the global knowledge
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of the number of full network buffers to estimate the
network congestion. The mechanism for gathering the
global information is described in [17]. We use the same
parameters given in [17] to simulate the scheme. Since
these two schemes were developed for the network only
(no NIC), they only monitor the buffer status in the
router. We modify these schemes to include the sta-
tus of the HCA buffer.

side-band is used for communicating the congestion and

We assume that an exclusive

throughput information in the Self-Tuned scheme. (If
we use in-band (implying VL 15 for control traffic) for
communication, then the Self-Tuned scheme results may
be worse than those presented here.)

Figure 4 shows latency and throughput variation of
the congestion control schemes in a 4 x 4 mesh net-
work. We have simulated the credit-based congestion
control scheme with four different initial credits. Since
the ALO and the Self-Tuned schemes used best-effort
traffic for their results, we compare the schemes with
only best-effort traffic. The network without any con-
gestion control exhibits the lowest performance in terms
of latency and throughput. In general, the credit-based
congestion control scheme is capable of providing lower
latency and better throughput than the ALO and the
Self-Tuned schemes for the entire load. Especially, the
improvements become more evident at higher load. The
number of initial credits affects the message latency, and
the results depict that we get the best results with 200
initial credits. As expected, higher number of initial
credits injects more traffic into the network and thus
increases delay. Without any congestion control, net-
work throughput experiences a sudden drop due to sat-

uration [16, 17]. But in our study, since there is an



HCA buffer, the source cannot inject any more mes-
sages when the HCA buffer is full. Therefore, the HCA
buffer acts on an implicit congestion control and hence,
the throughput drop is avoided.

Table 3 shows average packet queueing delay for each
scheme in the same 4 x4 mesh network. Without conges-
tion control, packets experience low queueing delay at
low loads, but as the load increases, the delay is rapidly
growing. With the credit-based congestion control, the
delay is kept low and slowly increases even at higher

loads.

7.3 Results with Admission and Congestion Con-
trol

Figure 5 (a) plots the Deadline Missing Probability
(DMP) and Deadline Missing Time (DMT) of a single
router cluster with uniform traffic. Also the average
latency of control and best-effort traffic is plotted in
Figure 5 (b).

with both admission and congestion control. A means

In the figures, A,C indicates a router

a router with only admission control, and C means a
router with only congestion control, while No A, No
C implies a router without admission and congestion
control. It is seen that the DMP and the DMT remain
very small with admission and congestion control over
the entire workload. (The DMP is only 0.002 and the
DMT is around 0.04 ms.) The DMP and the DMT val-
ues without admission and congestion control are higher
and unstable. Note that the cluster without admission
and congestion control is simulated with controlled in-
jection rates of 60, 70, and 80%. This is an implicit input
control. In a real environment, the input rates are not
controlled and therefore, the DMP and the DMT values
will be much higher without admission and congestion
control. Figure 5 (b) indicates that the average net-
work latency with these control mechanisms is smaller
for both control and best-effort traffic. In particular, the
best-effort traffic latency is orders of magnitude smaller.

Figure 6 shows the effect of admission control and

congestion control in a 5 x 5 mesh network with
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ON/OFF real-time traffic. The general trend in all these
graphs is that the performance is the best with both
admission and congestion control, followed by only ad-
mission control, and then congestion control only at low
load. However, as the load increases, the performance of
the network with only congestion control becomes better
than that of the network with only admission control.
This is because the network is congested at higher load
even with admission control. The effect of admission
control is less prominent for control traffic, since control
traffic has higher priority than real-time traffic and is
not controlled by admission control. On the contrary, as
depicted in 6 (b), admission control plays a major role
for QoS assurance in real-time traffic. All the results
emphasize one point clearly: admission and congestion
control are essential to provide QoS assurance for all
traffic classes. The results are the worst without any of
these control mechanisms.

Table 4 shows real-time traffic connection rejection
Without

admission control (No A, C and No A, No C), no con-

rates for four combinations of the schemes.

nection is rejected and, therefore the rate is 0. With the
proposed admission control, the rejection rates are still
kept low (10.4% ~ 25.3%), which implies most of the

requested connections are accepted.

7.4 Separate CQs and Peak Power Control Results

Figure 7 shows average latency and power consump-
tion of different CQ configurations. We use only conges-
tion control for this experiment, because multiple CQ
configurations are developed for fine-grained congestion
control. Average packet latency in the multiple CQ con-
figuration is reduced by 2.5 times over the global CQ
configuration. Quad CQ is slightly better than separate
CQ, which implies that each CQ in Quad CQ config-
uration models the congestion status of one quadrant
properly. We cannot observe any prominent difference
between separate and quad CQ configurations for power
consumption.

We set the peak power constraint to the average
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| Injection Rate | 40 [ 50 | 60 | 70 [ 80 [ 90 |

No Congestion Control | 1.115 | 1.489 | 2.273 | 5.260 | 231 | 1050

Credit 200 1.116 | 1.539 | 2.261 | 5.098 | 207 | 619

Credit 300 1.116 | 1.539 | 2.257 | 5.098 | 206 | 805

Credit 400 1.118 | 1.537 | 2.257 | 5.098 | 204 | 919

Credit 600 1.118 | 1.537 | 2.257 | 5.098 | 204 | 937
Self-Tuned 452 543 629 755 | 844

ALO 251 455 | 1566 | 2422 | 3075 | 3455

Table 3. Packet Queueing Delay in a 4 x 4 Mesh Network with 100% Best-Effort Traffic (in usec)

power value (21 Watts) consumed at the injection rate
of 50% as shown in Figure 3. We compare the Credit-
based peak power control with the Credit-based conges-
tion control and PowerHerd [30] in terms of performance
and power consumption. We use the same peak power
value for the comparison between our schemes and Pow-
erHerd.

The total average latency of mixed traffic is plotted
in Figure 8 (a), while the average latencies of best-effort
and real-time traffic are shown in Figure 8 (b) and (c),
respectively. In these graphs, 4 different schemes are
evaluated: a cluster without any power control (None),
a cluster with the credit-based congestion control (CC),
a cluster with the peak power control (PC), and a clus-
ter with PowerHerd (PH). Note that None and CC
do not have any peak power control. Although PH is
very effective in controlling the peak power, it incurs
severe performance degradation as shown in Figure 8.
Our scheme (PC) shows the best performance for both

best-effort and real-time traffic.

Figure 9 (a) shows the average power consumption
for mixed traffic that consists of 50% real-time and 50%
best-effort traffic. This graph indicates that congestion
control alone (CC) does not help to reduce the power
consumption of the network, since it controls the injec-
tion rate only to prevent network saturation. It tries to
distribute the load evenly to all the routers to maximize
the utilization, thus causing the power consumption to

exceed the peak power constraint (21 Watts).

We also conduct experiments with 100% best-effort
and 100% real-time traffic to show the net effect of
our peak power control, since we have different power
control schemes for each traffic class. From Figure 9
(b), we can tell that our scheme is more effective in re-
fraining the power consumption than PowerHerd, while
still providing better performance as shown in Figure 8
(b).

cides whether new real-time connections are accepted

Note that, for real-time traffic, our scheme de-

or not. Once accepted, a real-time connection may con-

sume more bandwidth than what it originally requested.
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Figure 6. Average Message Latency in a 5 x 5 Mesh Network with On/Off Real-Time Traffic

Therefore, as shown in Figure 8 (c), the peak power con-
trol (PC) consumes more power than PowerHerd (PH),
while still refraining the power consumption under the
predetermined value.

To show runtime peak power satisfaction under high
injection rate, we measure the average power consump-
tion every 500 cycles (1.88 us). Figure 10 shows that
the network with the proposed peak power control re-
frains the power consumption to satisfy the given peak

power constraint, which is 21 Watts.

8 Concluding Remarks

This paper presents admission, congestion and peak
power control mechanisms for wormhole-routed cluster
interconnects to provide QoS guarantees in clusters and
System Area Networks (SANs). While QoS in clus-
ters/SANs has become a recent research focus, and the

IBA Trade Association has defined a generic QoS spec-
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ification, there is no unified work for regulating QoS
parameters in wormhole routed networks that are cur-
rently used in many clusters. We believe that our work
makes a significant contribution in this aspect. More-
over, although the algorithms are developed for QoS-
capable wormhole routers and QoS-capable NIC/HCAs,
they are equally applicable to other networked architec-

tures.

The important conclusions of this work are the fol-
lowing: First, the smaller frame implementation of the
WRR scheme seems a reasonable choice for the work-
loads studied in this paper. Second, the admission con-
trol algorithm, which uses a probe packet to reserve
channel bandwidth prior to sending message flits, guar-
antees MPEG-2 stream delivery with a very small and
stable DMP over the entire workload as compared to a
cluster without any admission control. The impact of

our unified admission and congestion control becomes



| Injection Rate | 40 | 45 | 50 [ 55 | 60 | 65 [ 70 |

A, C 16.4% | 21.0 % | 25.3% | 12.7% | 15.7% | 17.6% | 10.4%

A, No C 16.4% | 21.0 % | 25.3% | 12.7% | 15.7% | 17.6% | 10.4%
No A, C 0 0 0 0 0 0 0
No A, No C 0 0 0 0 0 0 0

Table 4. Connection Rejection Rate in 5 x 5 Mesh Network with On/Off Real-Time Traffic
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25

and congestion control mechanism can provide signifi-
ol | cant performance improvement resulting in better QoS
guarantees. Four, further enhancement in the HCA,
15 b multiple CQ/quad CQ configurations, can improve the

performance by providing fine-grained control for best-
10— =

Power Consumption (Watt)

effort traffic. Finally, the peak power control mecha-
5 i nism in this paper is effective in controlling the power

consumption while providing competitive performance.

0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | . . .
2 25 3 35 4 45 5 55 6 Our peak power control works like admission control

Time (microsec)

for real-time traffic and like congestion control for best-

Figure 10. Runtime Power Consumption in a effort traffic.
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