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ABSTRACT

In parallel systems it is possible for several processors to request concurrent access to a shared ¢
structure such as a synchronization variable. Such an access pattern causes what is known as t
spot contention. In shared-memory multiprocessor systems that use a multistage interconnectic
network, hot-spot contention may result in "tree saturation” that degrades the system performanci
It is important, therefore, to manage hot-spot contention properly. This paper reviews the existing
strategies to reduce the effects of hot-spot contention. We first quantify the effects of hot-spoi
contention and identify the objectives of a hot-spot management strategy. We propose a taxonon
to categorize these strategies into onawafidance-basegrevention-basecr detection-based
methods. We then review and compare several representative strategies that have been propose:
reduce the effects of hot-spot contention. We conclude the paper by identifying several issues thi
need further research.

Index terms:. Hot-spot contention, Memory contention, Message combining, Multistage
interconnection networks, Shared-memory multiprocessors, Tree saturation.

1. INTRODUCTION

Asynchronous parallel systems can be implemented using either a shared-memory or a distribute:
memory architecture. In shared-memory multiprocessor systems, all processors have access tc
globally shared memory through an interconnection network as shown in Figure 1.1a. Shared
memory systems support a single shared address space and communication among the process
is through shared memory variables. In distributed-memory multicomputer systems, each
processor has a local, private memory (see Figure 1.1b). In these systems, processo
communicate by means of explicit message passing. Both types of systems are commerciall
successful. Example distributed-memory systems include the Intel Paragon and Teraflop system
nCUBE3 from nCUBE, and Cray T3D and T3E [van96]. IBM RP3, HP-Convex Exemplar, and
Sequent NUMA-Q 2000 belong to the shared-memory category [Alma94, van96].

We can divide shared-memory multiprocessors into eithéorm memory acceq8/MA)
systems onon-uniform memory accefNUMA) systems. In UMA multiprocessors, the cost of
accessing a memory location by any processor in the system is the same. In NUMA
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multiprocessors, the shared memory is physically distributed among the processors. Thus, sorn
memory locations are closer to a processor and less expensive to access than others resulting i
non-uniform memory access cost.

In a UMA multiprocessor the shared memory is global to all processors. An interconnection
network facilitates communication between the processors and the global shared memory
Typically, UMA multiprocessors use a single bus as the interconnection network. The Sequen
Symmetry and Encore Multimax are examples of commercial bus-based UMA systems.

Using a common bus as an interconnection network severely limits system scalability (i.e.,
expandability of the system) because of bus bandwidth limitations. Furthermore, this type of
interconnection network allows only one processor to communicate with the memory, leading to
performance degradation. To avoid this problem, the shared memory is dividédnmemory
modules (Figure 1.1a). It is common to provide concurrent access to all memory modules,
provided there are enough processors requesting access to memory modules and no tv
processors wish to access the same memory module. Large multiprocessor systems can ust
multistage interconnection network. For example, the NYU Ultracomputer uses a multistage
interconnection network similar to the one discussed in the appendix.

Global shared memory

Memory modules

Mo M1 L Mn-1 INTERCONNECTION NETWORK

INTERCONNECTION NETWORK

o Q@ ... €
Q Mo M1

Processors

(&) Shared-memory multiprocessor (b) Distributed-memory multicomputer

Figure 1.1 Two parallel system architectures

Increasingly, the distinction between the shared-memory and distributed-memory architecture:
is getting blurred with the adaptation of hybrid architectures. For example, the Cray T3E uses the
distributed memory architecture but logically supports a shared address space as in the share
memory architecture.

In this paper, we primarily focus on large shared-memory systems that use a multistage
interconnection network (details on multistage interconnection networks are given in the
Appendix). IBM RP3, BBN Butterfly, and Ul Cedar are examples of such systems (see [AIma94]
for details on these systems). Typically, these systems Rapecessors antl memory
modules. In such systems, a critical data structure located in one of the memory modules can cree
contention. Since each memory module can service one access request at a time, several (s
hundreds) processors requesting concurrent access to a particular memory module can cree
contention for that memory module. We give an example application that can cause such i
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contention in Section 2.1. Note that memory contention occurs even if these requests are t
different data items, all located in the same memory module. Such a memory module ishelled a
memory module and the phenomenon is cdll@espot contentian

Contention for memory leads to contention for interconnection network buffers and links. In
particular, as we will see later, memory contention leads to what is kndvae asturation\When
this occurs, a congestion tree with the switch connected to the hot memory module as the root ar
extending to all switches connected to the processors forms. The buffers of the switches in th
congestion tree saturate and therefore block all further inputs. Tree saturation causes seve
performance degradation. Thus, it is important to reduce the adverse effects of hot-spot contentior

We gquantify the effects of hot-spot contention due to tree saturation in Section 2. In multiuser
systems, hot-spot contention caused by one application can potentially affect the whole system
such a contention is not managed properly. We identify the objectives of a hot-spot managemer
strategy and propose a taxonomy for classifying the strategies to reduce the effects of hot-sp«
contention. Our taxonomy categorizes strategies into avoidance-based, prevention-based, at
detection-based methods. We then review several representative strategies for alleviating hot-sp
contention. We describe three avoidance-based, three prevention-based, and two detection-bas
strategies. We compare these strategies and identify several issues that need further research.

The focus of hot-spot contention studies has been on shared-memory systems that use
multistage interconnection network. The interconnection networks used in distributed-memory
systems are often point-to-point networks such as mesh or hypercube. Hot-spot contention ca
also occur in distributed-memory systems. To give the reader an idea of the hot-spot contentio
problem in distributed-memory systems, we comment briefly on this problem.

2. HOT-SPOT CONTENTION

We characterize hot-spot access behaviour along two dimensions: hot-spot data size and type
access. The first refers to whether the access is to single or multiple data items or variables
Examples of a single hot-spot variable include a shared lock variable for process synchronizatior
or a loop index variable in a parallel loop. An example of multiple hot-spot variables is the request
to access a complete row in a matrix application as illustrated in Section 2.1.

The type of access refers to whether the access is read-only or update (i.e., read/write). Eve
though it is possible on multiprogrammed systems to cause contention for a memory module
several applications request access to the same memory module, we will not consider such inte
application memory contention. Next we look at an example to illustrate hot-spot contention
behaviour.

2.1. An Example: Gaussian Elimination

We use Gaussian elimination as an example to explain two types of memory access behaviour th
can result in hot-spot contention. The first type of access is the result of several processe
attempting to read the same row (multiple-variables/read-only type) while the second type of acces
involves updating a synchronization variable (single-variable/update type).

As an example of an application that can cause hot-spot contention, we give the paralle
implementation of Gaussian elimination. Gaussian elimination is a standard method for solving ¢
system of linear equatiosx = b whereA is anMxM matrix,b is aMx1 vector, anc is aMx1
vector of unknowns. Gaussian elimination transform the given system of linear equations into the
equivalent formUx = ¢, whereU is anMxM upper triangular matrix in which all elements below
the diagonal are zero. The Gaussian elimination code fdx&hmatrix is as follows [Bian93]:



for pivot « 1 to M1
forall row ~ pivot+l to M

tenp —~ A[row [ pivot]/ Al pivot]][pivot]
for col < pivot to M

Alrow[col] <« Arowj[col] - Alpivot][col] x tenp
end_f or

end forall
end_for

On each iteration, the outer sequental loop selects the pivot row and creats< pi vot)
processes usinfprall. Each such process eliminates the entries in a single row of the input
matrix. For example, iM is 513, the first iteration of the outer sequenitoal loop creates 512
processes. Each such process requires almost concurrent access to the same pivot row as
processes begin execution at approximately the same time. As most languages use row-maj
ordering to store matrices, let us suppose that each row of the matrix is stored in a memor
module. Then when pivot is 1, for instance, row 1 of mairis accessed by 512 processes and
can potentially cause contention for the memory module that contains the row (i.e., multiple-
variables/read-only type of hot-spot access).

Barrier Synchronization

As an example of a single-variable/update type of hot-spot access, we look at barrier
synchronization that is required by a large number of parallel applications to synchronize
computations. In our Gaussian elimination example, the outer seqdenti@bp starts the next
iteration only when the previous iteration is completed. This means all processes created during tr
current iteration will have to complete their computation. For exampe|gf513, during the first
iteration there are 512 processes in progress and the second iteration of ther daderwill be
initiated only when all 512 processes are done.

One way of achieving this synchronization is to keep a global shared variable and initialize it
512. Each time a process completes its computation (this process is said to have reached the bari
point), it decrements the synchronization variable (see Figure 2.1). When the value of the variabls
is zero, it indicates that all processes have completed the computation and the next iteration can |
initiated. Clearly, mutually exclusive access is required for the synchronization variable. Also note
that once a process has completed its computation, it decrements the synchronization variable a
then busy waits on this variable (i.e., repeatedly reads the value of the synchronization variabls
until it becomes zero). This busy waiting causes additional contention but there are techniques thi
can be used to reduce this type of access contention. For instance, busy-waiting can be done ol
local cached copy of the synchronization variable [Mell91]. Such techniques are outside the scop
of this paper and will not be discussed further.

Synchronization
variable

43

Po P1 Ps10 Ps11

Figure 2.1 Hot-spot contention due to access to a synchronization variable by 512 processes
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2.2. Memory Contention Due to Hot-Spot Access

What are the effects of hot-spot contention? To see this let us consider a systlmnodbssors.
Assume that a fractioinof theseN processors (the hot processors) make requests to a hot memory
module. The remaining €I)N processors (i.e, the normal processors) issue normal memory
requests that are uniformly distributed over khenemory modules. The hot processors issue
memory requests at rate(0 < r, < 1) per network cycle, of which a fractibrare directed to a hot
memory module. We assume that a processor continues to issue hot-spot requests even if there
pending ones. The normal processors issue memory requestsrat{@ate, < 1) per network
cycle. Thus the number of memory requests directed at the hot memory Rggdsle

Rhot =f N1, h+fr, (1-h) + (1-f) r, requests/network cycle

The first term represents the hot-spot requests from the hot processors and the second tel
represents the normal requests directed at the hot-spot from the hot processors. The last tel
represents the normal requests directed at the hot-spot from the normal processors. Note that the
are ()N normal processors with each normal processor generating memory requests,at rate
which are uniformly distributed over tiememory modules. The last term represents the fact that
1/N of these ()N r, requests are targeted for the hot memory module.

Since the hot memory module can service only one request per network cycle (i.e., maximun
Rnot = 1), we get the following by equatitfy:to 1:

_ 1-(1-Hr,

"17f (1+h (N-1))

Since there aréN hot processors with a request rate,aind the remaining processors with a
request rate af,, the maximum bandwidth per procesbas

_INR+ (AN _1+(-Hh(N-Dr,

b N 1+h(N-1) @)

We will continue this analysis later. For now, let us assume thidt@ibcessors are hot (i.€é 5
1). Then, the bandwidth per processoeduces to

b requests/cycle 2

B 1
“1+h(N-1)
The total network bandwidtB is

B requests/cycle (3)

___N

1+h (N-1)
Figure 2.2 shows how the network bandwigkhs limited by hot-spot traffic as a function of
system sizéN. For example, in a 1000-processor system, even a small fraction of traffici.e,
0.125%) directed towards the hot memory module can limit the total bandwidth to less than 50% o
the bandwidth available when there is no hot-spot traffic (i.e., Whed%).

In practice, many applications may allow only one pending hot-spot request. In order to see
how performance degrades due to hot-spot contention, we present data on the Gaussian eliminati
application in Table 2.1 [Bian93]. These data were obtained by simulation under the assumptior
that a cache line size of 64 bytes, a fixed network latency of 36 processor cycles, and a loce
memory latency of 10 processor cycles. A remote memory access cycle involves sending a reques
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Figure 2.2 Impact of hot spot contention on total network bandwidth. Total bandwidth is
calculated from Eq. 3. (from [Pfis85])

message, a local memory access, and receiving a reply message. Thus, if there is no memc
contention, a remote memory access takes a total of 36+10+36 = 82 processor cycles.

Table 2.1 gives three statistics: number of remote memory accesses delayed by memor
contention, the average latency of remote accesses, and the execution time. On a 50 proces:
system, 20% percent of all remote memory accesses suffer delays due to memory contentiol
which causes an increase in the average latency for remote memory accesses. The average ren
memory latency increases to 164 as opposed to the minimum possible value of 82 process«
cycles. If we consider a 200 processor system, the number of delayed remote memory access
increases to 84%. The latency of remote memory accesses increases approximately by a factor
10 when the number of processors increases from 50 to 200. The memory contention manifes
itself in increased execution time as shown in Table 2.1. This application exhslotedownby a
factor of 2 when the system size increases from 50 to 200. Note that this data alone is not sufficiel
to show that the performance degradation is due to contention for memory. However, we will
show in Section 3.1.1 that this indeed is the case.

Table 2.1 Effects of memory contention on the Gaussian elimination application for a 512x512
matrix (from [Bian93])

50 100 200
processors| processors| processors
Percent of delayed remote memory accesses 20% 56% 84%
Average remote memory latency (in cyclgs) 164 572 1546
Execution time (in millions of cycles) 7.4 8.5 15.6

Tree saturation

In systems using multistage interconnection networks, hot-spot contention causes what is know
as thetree saturationphenomenon (see Figure 2.3). When the hot memory module becomes the
bottleneck due to hot-spot contention, the buffers imimeswitch connected to it become full.
(See the appendix for details on routing in the multistage interconnection network.) These full
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buffers in turn cause the buffers in the switches that feed this switch to be full which in turn
causes the? switches that feed theseswitches to be full, and so on. Note that we have used 2x2
switches (i.e.n = 2) in Figure 2.3. Eventually, a tree of saturated switches results with the stage O
switch connected to the hot memory module as the root as shown in Figure 2.3. The tree thu
formed is called theongestion treelree saturation degrades performance due to the following:

1. Since all switches connected to the processors are saturated, even the normal message traf
(i.e., non-hot spot traffic) gets affected by the hot-spot congestion. This effect leads to
degraded performance of the application that is causing the hot-spot contention.

2. Even worse than the effect just described is that if the system is multiprogrammed, all othet
applications, even if their message traffic involves no hot-spots, are adversely affected due tc
hot-spot contention created by one application. We should keep this in mind even though ou
focus is on the effects of hot-spot contention on a single application.

Inputs Outputs
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Figure 2.3 Tree saturation caused by hot-spot contention for the hot memory module 3
Saturated switches are shown shaded with the corresponding links shown with dashed lines.
The congestion tree, rooted at output port 011, is shown by the dashed links.

Benefit of controlling tree saturation

Let us continue our analysis from Eqg. (1) with the assumption that only a frdabioN
processors are hot. We know that, if there were no interference due to tree saturation, the norm
processors can proceed with their memory requests. Thus, the normal processors can achieve |
maximum rater, of 1 per network cycle. Therefore, from Eq. (1) we obtain the bandwidth per
processor with no tree saturatiog as

1+(1-f)h (N-1)
1+h (N-1)

Dnts = (4)

The request rate of hot processqiis, however, limited to

— 1_(1_f)r2 _ 1
“f(l+h (N-1)) 1+h (N-1)

1



When there is tree saturation, the system behaves as if all, nfd{, jpsbcessors are participating

in the hot-spot activity. It has been conjectured in [Scot90] that the system behaviour under tre:
saturation can be modelled asalf N processors are generating hot-spot requests at a smaller
fractionfh. Note that in reality onl§yN processors are generating hot-spot requests at a fraction
This conjecture has been validated by simulation experiments [Scot90]. Then, the maximurnr
bandwidth per processbg is obtained by substitutirttf for hin Eq. (2) as

1
- _ 5
b 1+h f (N-1) ®)
1.0 4.0
3.5 - h=2%, N =512
0.8 4 .
3.0 ]
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Figure 2.4 Relative per-processor bandwidths with and without tree saturation (from Egs. (4)
and (5))

Figure 2.4a shows the difference between the two bandwidthisdb, s for a 512-processor
network with a hot-spot ratk of 1%. If the side effects of tree saturation are ignored, the
bandwidth per processor decreases linearly with the fraction of hot prockesBoesdifference
between the two curves reflects the impact of tree saturation on the normal traffic. This difference
increases with the hot-spot rateand system siz&l as shown in Figure 2.4b. We will next
discuss several strategies to reduce the effects of hot-spot contention.

3. STRATEGIES TO REDUCE HOT-SPOT CONTENTION
From the previous discussion, we identify the following objective that any strategy devised to
reduce hot-spot contention should meet.

Objective 1. The primary objective of any strategy intended to reduce the effects of hot-spot
contention should be to eliminate tree saturation. That is, while it is reasonable to expect hot
spot requests to suffer delays due to memory contention created by them, the normal non-ho
spot traffic should not be adversely affected due to the presence of hot-spots.

It is also desirable (but not necessary) to satisfy the following secondary objectives:

Objective 2: Optionally, it is desirable to reduce the delays associated with hot-spot requests
as well.



Objective 3: The strategy should not impose any performance penalty in the absence of hot-
spots (i.e., during normal operation).

In this section we look at several strategies to handle hot-spot contention. We divide them intc
three classes: avoidance-based, prevention-based, and detection-based strategies. Tl
classification is analogous to the schemes used for handling deadlocks [Islo80]. Avoidance-base
strategies involve pre-planning so that tree saturation is effectively controlled. For example, this
might involve a different way of distributing data so that hot-spots are not created in the first place.
We discuss three avoidance-based strategies in Section 3.1. In prevention-based strategie
decisions are taken to control message traffic at run time so that tree saturation can be prevente
We present three such strategies in Section 3.2. Detection-based strategies may allow the formati
of tree saturation but such contention is detected and congestion-control mechanisms are invoked
control contention. These strategies typically use some form of feedback and we discuss twi
feedback schemes in Section 3.3

3.1. Avoidance-Based Strategies
We discuss three avoidance-based strategies: the first two are software-based and the last one
hardware-oriented.

3.1.1. Data redistribution

To see how an application can distribute data to avoid hot-spot contention, we use the Gaussie
elimination example discussed in Section 2.1. We have identified that contention for the pivot row
creates memory contention and causes severe performance degradation. The reason that a rov
mapped to a memory module is that most major languages, except Fortran, use row-major orde
for storing matrices. In row-major order, elements of a matrix are stored on a row-by-row basis.
For example, assuming that we have four memory modules in the systemma#ixR could

be stored in the row-major order as follows:

R11, R12, R13, R14, R21, R22, R23, R24, R31, R32, R33, R34, R41, R42, R43, R44

\ /7 \ 7 \ 7 \ /
N/ / V/ N/
memory memory memory memory
module 1 module 2 module 3 module 4

To avoid contention for a row, we could distribute the elements rows to different memory
modules. For example, we could store them in column-major order, in which the matrix is stored
on a column-by-column basis as shown below:

R11, R21, R31, R41, R12, R22, R32, R42, R13, R23, R33, R43, R14, R24, R34, R44

N\ 7 \ 7 \ 7 \ /
A% V / A%
memory memory memory memory
module 1 module 2 module 3 module 4

What guarantee is there that such a distribution eliminates contention? It could be that we hav
replaced the original hot-spot corresponding to a row by several hot-spots (equal to the number ¢
elements in a row) distributed over all memory modules. The experimental data in [Bian93]
indicates that we have indeed eliminated memory contention problem by the column-major orde
distribution. With column-major distribution, on a 50-processor system, the number of delayed
remote memory accesses has reduced from 20% (given in Table 2.1) to about 1.5% and the remc
memory latency from 164 to 83 processor cycles. Recall that the minimum remote memory latenc
is 82 cycles. However, the execution time of the application increases by fourfold from 7.4M
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cycles to 30.2M cycles! While successfully avoiding memory contention we have introduced other
problems that adversely impact the application performance even more.

The reason for the performance deterioration is that the column-major distribution introduces
15 times as many cache misses due to false sharing. To explain this phenomenon, let us assu
that our cache block is two elements in size. Let us further assume that two processors - on
working on row 1 and the other on row 2 - load their cache with elements R11 and R21 thai
constitute a cache block. Even though the two processors are working on two different elements, i
cache block level, they appear to share the data. This is called false sharing and, in our exampl
causes unnecessary cache misses that result in the performance deterioration mentioned before.

To alleviate this problem, a block-column data allocation method has been introduced [Bian93].
In this method, each row is divided into cache blocks and the column-major allocation is done a
the cache block level rather than at the element level. The block-column allocation method for ¢
cache block size of 2 is shown below.

R11, R12, R31, R32, R13, R14, R33, R34, R21, R22, R41, R42, R23, R24, R43, R44

N\ 7 \ 7 \ 7 \ /
A% V / A%
memory memory memory memory
module 1 module 2 module 3 module 4

Notice that R11 and R12 are allocated to memory module 1, R13 and R14 are allocated to memo
module 2, and so on. The performance of the block-column allocation is shown in Table 3.1 anc
indicates that the method is effective in handling both the cache miss and memory contention prob
ems. The average remote memory latency is 82 cycles, which is the minimum possible value. A
opposed to the slowdown experienced due to memory contention (see Table 2.1), the applicatic
actually realizes a speedup of 2.6 when the number of processors increases from 50 to 200.

Table 3.1 Effect of block-column allocation in alleviating memory contention on the Gaussian
elimination application (from [Bian93])

50 100 200
processors| processors| processors
Percent of delayed remote memory accesse®.16% 0.12% 0.27%
Average remote memory latency (in cyclgs) 82 82 82
Running time (in millions of cycles) 7.7 4.5 2.96

3.1.2. Software combining

Software combining has been proposed and studied in detail by Yew et al. [Yew87]. To illustrate
the principle, we use the barrier synchronization example discussed in Section 2.1. With softwar:
combining, a tree of data items is created as shown in Figure 3.1. The original hot-spot acts as tf
root of the tree. IN=512 and assuming a branching faabthe treeK of 8, there are 73 data
items each initialized with a value of 8. These 73 data items are distributed as follows: 64 at level 2
8 at level 1 and 1 at level 0. The nodes are partitioned into 64 groups of eight, with each grouj
sharing one of the data items corresponding to the leaves of the tree. When the last node in ea
group decrements its data item to zero, this node then decrements its parent data item. This proce
is repeated until the data item corresponding to the root of the tree is finally decremented to zerc
Software combining reduces hot-spot contention in this example because there are 73 data iter
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each being accessed by only 8 nodes instead of one data item being accessed by 512 noc
(compare Figures 2.1 and 3.1).

We should note that if we map all the combining tree data items to the same memory module
even though we eliminate contention for the original data item, contention for the memory module
still exists at the same level! What we have to do in order to avoid memory module level contentior
is to distribute the tree data items overkhememory modules. We can see that the combining tree
creates the maximum number of tree data items when the branchindfactarwherK = 2, the

number of tree data items, including the original hot-spot, is equdt1o all of which can be

distributed one data item per memory module as we Ranwemory modules. This successfully
eliminates the module level contention mentioned above.

As shown in Figure 2.1, in the original scheme, concurrent access of the hot-spot data item b
512 processors causes contention. The software combining tree creates several intermediate d.
items to reduce contention but increases the number of messages compared to the original scher
For example, the original scheme in Figure 2.1 requires only 512 messages to update the synchr
nization variable. In contrast, the combining tree in Figure 3.1 requires 512 messages to update tt
level 1 data items, 64 (=512/8) messages to update the level 2 data items, and &)mek2/8
ages to update the original data item at level 0. Thus, the combining tree requires a total of 58
messages.

In general, assuming that a hot-spot ratehoffrom each processor as in Section 2.2, the
increase in hot-spot traffic is given by [Yew87]

Z: ﬂ. :mglKrfllN@

whereK is the branching factor of the combining tree. Note that the maximum increase occurs
whenK = 2 and this is equal 1 (1-2/N). For largeN, increased hot-spot traffic due to the use

of software combining tree is upper boundedlbyi.e., the hot-spot traffic at most doubles due to
the combining tree). Despite this increase in hot-spot traffic, the simulation results in [Yew87]
indicate that the software combining can successfully prevent tree saturation and provide
performance improvements. It has been shown that software combining tree effectively relieves th

normal traffic from the adverse effects of tree saturation. In addition, the latency associated witt
hot-spot traffic also decreases.

original hot-spot

level 0

levell ) e

evel2 £ Y -+ ) )Y e

Po P7 Pso0s Ps11

Figure 3.1 A software combining tree with a branching fadfaof 8. Original hot spot data item
is shown shaded dark and the intermediate data items are shown lightly shaded. (from [Yew87])



12

3.1.3. Using Multipath Networks

Another way to avoid hot-spot contention is to add resources to the interconnection network.
Specifically, the interconnection network shown in the appendix has only a single path between al
input-output pair. Because of this unique path, normal message traffic gets affected due to hot-sp
contention. The basic idea of this scheme is that, if we provide multiple paths, regular messag
traffic can be diverted around the hot-spot area. Figure 3.2 shows how a multipath interconnectio
network can be derived by adding an extra stage to the input side of the network along witt
multiplexers and demultiplexers at the input and output stages, respectively [Wang95]. In addition
dual I/O links to and from the processors and memory modules are required. This modified
network is called the extra stage cube network for obvious reasons.

The input (extra) stage can be dynamically enabled or disabled by using the multiplexers a:
shown in Figures 3.2(b) and (c). Similarly, the demultiplexers can be used to enable or disable th
output stage (see Figures 3.2(d) and (e)). Note that the original network shown in Figure Al
results if we disable the input stage and enable the output stage. However, enabling both input ar
output stage provides two disjoint paths between any input and output pair.
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Figure 3.2 The extra stage cube network with 8 inputs and outputs using 2X2 switches (b) input
stage enabled (c) input stage disabled (d) output stage enabled (e) output stage disabled (from
[Wang95])

The basic idea in using this type of network for reducing hot-spot contention is to separate the
hot-spot and normal traffic, form each source, by using one dedicated path for each type of traffic
For example, when there is a steady state hot-spot and regular traffic, we can set the switches
the extra stage to direct all hot-spot traffic to upper outputs and the normal traffic to lower outputs
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of this stage. Then only switches labelléan Figure 3.2 would handle the hot-spot traffic and the
switches labelle®R would handle the normal traffic. Such a separation in routing can be done in a
distributed manner. For details on this and other improved routing strategies, see [Wang95]. Th
simulation results presented in [Wang95] show that this type of network is able to control tree
saturation and reduce the delay of memory request that are not directed to the hot memory modul
This strategy, however, assumes that each memory request can be categorized as either a hot-<
request or a normal request.

3.2. Prevention-Based Strategies
We discuss three prevention-based strategies. The first and the last strategies require hardwe
modifications while the second strategy can be implemented either in hardware or in software.

3.2.1. Hardware combining

As in software combining, this strategy uses combining as the basic means of preventing tre
saturation. However, as its name implies, combining is accomplished in hardware by enhancin
the switch to support combining. Hardware combining is used in the Ultracomputer and IBM RP3
systems. Figure 3.3 shows the network switch used in the Ultracomputer that can perforn
combining [Alma94].

Hardware combining works as follows. At each switch, memory request messages directed &
the same memory locations are combined into a single message. A record of the messag:
combined is kept in a wait buffer in each switch. When the reply to a combined message reache
the switch that performed combining, the switch generates multiple replies to all combined
messages using the information in its wait buffer. Since combined messages can themselves |
combined, the generation of multiple replies has an effect similar to that in the software combining
The combining scheme of the Ultracomputer and IBM RP3 systems is paliadse combining
as two messages are combined into one.

o
— °
g <R £
g L wait s
g Non-combining [ , buffer
queue 1
— - Non-combining | |
5 queue : .
£ - Wait T
& »| Combining | buffer ;
queue -2

Figure 3.3 The Ultracomputer switch incorporating combining capability [from [Alma94])

Hardware combining involves increased cost for enhancing the network to support combining.
It has been estimated that such an enhancement would increase the size/cost of the switches in
RP3 by a factor of at least 6 [Pfis85]. The estimate for the Ultracomputer is much more modest: thi
pin count increases by 50% and the number of gates double to enhance the switch to suppc
combining [Alma94].

Simulation results in [Pfis85] suggest that pairwise combining can effectively eliminate tree
saturation in small networks (say, up to 64-input networks). However, other studies have showr
that pairwise combining cannot eliminate tree saturation in large networks (for example, in a 1024
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input network) [Lee94]. The problem with pairwise combining is that two messages will be
combined only if they arrive at a switch at the same time. However, the probability of such arrivals
occurring is low. As an alternative, Lee et al. [Lee94] propose k-way combining. In this scheme, a
total of up tok messages can be combined. This k-way combining can be achieved by combining
an arriving message, if it can be combined, with other messages waiting in the queue at the switc
Obviously the larger thievalue the more complex the combining network and more contention for
the wait buffers. The simulation results in [Lee94] suggest that 3-way combining is sufficient for
reasonably large systems that u¥@ 2witches.

From performance point of view, software combining tends to perform better than hardware
combining. The main reason is that software combining can be tailored to achieve a higher degre
of combining. For example, in Figure 3.1, software combining achieves 8-way combining. Even
from the implementation point of view, software combining is more flexible in implementing k-
way combining for large k values. Hardware combining is relatively more rigid and
implementations in systems such as Ultracomputer and IBM RP3 have used only 2-way
combining.

3.2.2. Discard strategy

The discard strategy [Ho89] prevents tree saturation by forwarding only one request anc
discarding all others when more than one message are destined to the same memory module.
hardware combining, such messages would have been combined into a single message. If v
focus on a network with)X2 switches, when two packets arrive at a switch contending for the
same output port, one randomly selected message is discarded and the other is forwarded to t
output buffer. Of course, the discarded message has to be reinitiated. This reinitiation can be dor
either by the switch (switch-initiated) or by the source processor (processor-initiated). In the
switch-initiated strategy, the switch which discarded the packet would have to notify the source
processor such that the processor can reinitiate the request. This strategy, therefore, requir
hardware modifications to the network. The processor-initiated strategy, on the other hand, uses
time-out mechanism. If the processor has not received a reply within a predetermined time-ou
period, it reinitiates the request which is assumed to have been discarded by a switch. In this case
is important to select an appropriate time-out period, which is a function of network load. Too
small a time-out period may unnecessarily reinitiate duplicate requests and too large a value ca
increase the memory latency.

The simulation results in [Ho89] used the switch-initiated strategy. These results show the
discard strategy to be useful in eliminating the adverse effects of hot-spot contention on the norme
traffic. Latency of normal memory requests under the discard strategy is similar to the pairwise
hardware combining scheme. However, since the discard strategy looks at requests going to tt
same memory module, this strategy works for multiple hot-spots which are mapped to the sam
memory module whereas hardware combining is suitable for a single hot-spot.

3.2.3. Limiting requests

Another way of preventing tree saturation is to balance the request generation rate to the service re
of the memory modules. That is, during each network cycle, limit the number of requests directec
to each memory module entering the network to that serviced by the memory modules [Scot90]
Requests that cannot enter during a particular network cycle are blocked until a later cycle.

To implement this scheme, we need an arbiter that tdkeguts from theN processors and
decides which requests are to be blocked, if any, for a later submission during each network cycle
Thus, the arbiter should be capable of perfornNraybitrations -- one to each memory module --
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during each network cycle. The hardware cost makes such a scheme not suitable for large systen
If we limit the number of memory modules to a single memory module that is identified as the hot
module, we can reduce the number arbitrations fxicim 1.

This scheme suffers from two basic problems.

* It may unnecessarily restrict the available bandwidth when there is no hot-spot traffic in the
system. This is because two normal requests issued during the same network cycle ar
constrained to enter the network one at a time.

» Since this scheme depends on a global arbiter, it is not scalable to large systems. Furthermor
the arbiter may be too costly to implement for large systems even for a single hot memory
module.

Simulation results in [Scot90] show that limiting is beneficial when the hot-spot rate is high. At
low hot-spot rate, the limiting scheme restricts the available bandwidth as pointed out before.

3.3. Detection-Based Strategies
We discuss two detection-based strategies that use feedback to activate a congestion-contt
mechanism.

3.2.1. Threshold-based feedback

The feedback scheme proposed in [Scot90] monitors the size of the queue at each memory modt
(i.e., at the output of the network). If the size is at or above thre3hplde assume that the
memory module is hot and notify the processors. The processors respond by holding bac!
requests to the hot module. When the queue size falls below thr&slield), the module is
considered normal and processors can resume requests to the memory module. The use of t
thresholds introduces hysteresis for the feedback system. This scheme is referred to as tf
feedbackscheme.

The original proposal us&= Ty= T and used a damping mechanism similar to the limiting
discussed before to reduce overshoot, undershoot and oscillation problems associated with tf
feedback scheme. When a memory module is detected as hot, the limiting mechanism is invoke«
The limiting then causes only one hot memory request to enter the network fidrnpraltessors
as discussed before. This scheme is referred to dsatback with limit-dampingcheme. The
main difference between this scheme and the feedback scheme is that the processors under
feedback scheme stop submitting requests to the hot module while it is hot whereas the feedbas
with limit-damping scheme allows submitting at most one hot memory request per cycle. This
feedback mechanism, therefore, eliminates the bandwidth restrictions imposed by the conservativ
limiting scheme discussed earlier.

Simulations on a 256-node network that uses 2X2 switches with four output buffers indicate
that the feedback scheme by itself performs worse than than the limiting scheme if we are intereste
in the maximum bandwidth obtainable for high hot-spot rates. The main reason for this relative
performance is that the feedback scheme is sensitive to the threshold value used. The threshc
value is limited by the number of output buffers available at a switch. However, if the threshold is
less than the number of stages in the network, the hot module may become temporarily "idle" fo
sometime.

We now illustrate why the hot memory module becomes idle with an example. Assume that the
thresholdT is set at four. A 256-node network that uses 2X2 switches will hay296g- 8
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stages. In this case, a memory module is considered hot if the number of queued requests is fol
Once a module is detected hot, the feedback scheme will not allow any processor to submit
request to that memory module. When the number of queued requests at the hot module goes doy
to three, processors will resume requests to this module. However, these newly submitted reques
take 8 cycles to reach the memory module, which leaves the memory module idle for up to £
cycles. Feedback with limit-damping, which eliminates the drawback discussed, performs mucl
better than the limiting scheme.

A problem with this scheme is that a finite delay exists between the time a memory module
becomes hot and the time the processors stop submitting requests to the hot module. Furthermo
there may be several memory requests already in transit. These factors may cause a temporary t
saturation. The next scheme avoids this drawback by using buffer occupancy of the switches clos
to the network input for early detection of congestion caused by hot-spots.

3.2.2. Buffer occupancy-based feedback

This scheme uses buffer occupancy to detect hot-spot contention before the tree saturation occt
[Liu95]. Liu et al. have observed through simulations that, when a congestion tree is being
formed, the buffer occupancy of switches in the congestion tree is sharply different from those of
their adjacent switches that are not part of the congestion tree in a very short period of time. Thu:
the difference in buffer occupancies in selected adjacent switches can be used to detect congesti
early. Note that any switch that is part of the congestion tree is also connected to a switch that |
not part of the congestion tree through one of its output ports (e.g., see Figure 2.3). To implemer
this scheme, hardware modifications to the switch are required. Liu et al. suggest the use ¢
occupancy monitors embedded into switches of selected stages. This strategy also needs additiol
wires for feedback purposes. Once the congestion is detected, the processors are notified of tl
switches involved such that the processors can block memory requests that use the congest
switches.

The question now is: How do we know when the congestion is stopped such that the
processors can resume the blocked requests? The problem is when the congestion-contr
mechanism is activated, the difference in buffer occupancy of adjacent switches is not as dramati
as before the activation of the congestion-control mechanism. Thus, during the time wher
congestion-control mechanisms are activated, the individual switch buffer occupancy threshold i¢
used for congestion control. Finally, to avoid problems such as oscillation associated with the
feedback system, the hot-spot is deemed to have ceased if no congestion is detected for a giv
period of time.

Simulations performed on a 512-processor network show that both the feedback scheme
discussed behave similarly when the hot-spot rate is low. However, for high hot-spot rates, the
buffer occupancy-based feedback scheme performs significantly better than the threshold-base
feedback scheme. The reason is that the threshold-based feedback scheme is relatively slow
detecting hot spots. As a result, this scheme allows a temporary tree saturation. The buffe
occupancy-based feedback scheme, on the other hand, detects the hot-spot contention prior to 1
occurrence of tree saturation.

4. DISCUSSION

We have discussed eight strategies to handle the hot-spot contention problem. A comparison ¢
these strategies is given in Table 3.2. Most strategies except the first two need some hardwa
implementation requiring enhancements to the interconnection network. The discard strategy can t
implemented either in hardware or in software depending on the reinitiation strategy selection
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Most strategies proposed can handle multiple hot-spots except the two that are based on tt
combining principle.

A precise quantitative cost comparison of these schemes is difficult because some strategie
require a software implementation while others require hardware modifications to the network. For
this reason, we do not give the relative costs of the three avoidance-based strategies. For tl
remaining two types of strategies, we provide a qualitative cost comparison. Of the three
prevention-based strategies, discard is the least expensive strategy. Both hardware combining a
limiting requests are more expensive strategies. In hardware combining, each switch has to ha\
wait buffers, combining logic, and reply generation logic. Implementing the limiting requests
strategy requires an arbiter that can perfdrarbitrations during each network cycle, whisres
the number of memory modules. Among the two detection-based strategies, the buffer occupanc
based feedback scheme is more expensive as occupancy monitors are required.

Since the primary objective of these strategies is the elimination of tree saturation, it is implied
that all of them satisfy this requirement. For this reason, we have not included this objective in
Table 3.2. However, we should note that hardware combining, if restricted to pairwise combining,
may not eliminate tree saturation in large systems. For large systems, k-way combining may b
required. For reasonably large systems, it has been suggested that 3-way combining is sufficiel
[Lee94]. The threshold-based feedback strategy may also cause a temporary tree saturation
explained in Section 3.2.1.

We now look at whether these strategies attempt to improve latencies of hot-spot requests ¢
stated in our second objective. Since data redistribution avoids hot-spots at the application leve
hot-spot requests are not generated in this strategy. The two combining-based strategies tend
improve the latencies of hot-spot requests. The other strategies make no attempt to improve hc
spot latency. If such an improvement is obtained in these strategies, it is purely a side effect. Fc
this reason, we give “no” for the corresponding entries in Table 3.2. However, since memory
contention is effectively controlled by these strategies, they do provide improvements in hot-spoi
latencies for the case of mixed hot-spot and normal requests.

Finally, we compare these eight hot-spot management strategies based on whether or not thi
induce overhead in normal operation. That is, when the system does not have hot-spots, we des
that there be no penalty for incorporating a specific hot-spot control mechanism as stated in ou
third objective. In the data redistribution strategy, it is application dependent. As we have
demonstrated in Section 3.1.1, a simple element-based column-wise distribution of data eliminate
the contention problem. But normal behaviour of the system changes so much that performanc
deteriorates substantially. The block-column method improves the situation but it marginally
increases run time for a 50-processor system (compare Tables 2.1 and 3.1).

In software combining, we introduce the combining tree only for hot-spots. For the multipath
network, we can obtain the original network by enabling/disabling the input and output stages a:
discussed. Therefore, for both these strategies, there is no overhead in the absence of hot-spots.

In hardware combining, there is an additional delay introduced due to switch enhancements t
support combining. Thus, even normal requests suffer a small amount of delay. However, this ca
be minimized by using one regular network for the normal traffic and a separate combining
network for hot-spot traffic.

The discard strategy introduces an additional delay. If two requests are contending for the sam
output port, the conflict must be resolved. In the limiting requests strategy, the arbiter restricts the
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two normal requests directed at the same memory module to enter the network one at a time. Th
strategy unnecessarily restricts the available bandwidth due to the overly cautious approach. |
both feedback strategies, if the feedback indicates no contention, the normal system behaviour
not affected.

Table 3.2 Comparison of hot-spot management strategies

Implementation needs Single or multiple Accomplishes Accomplishes

Strategy modification in data items accessed objective 2 objective 3
Avoidance-based strategies o
Data redistribution software multiple not applicable a:jpep:)lg;r?égnr;
Software combining software single yes yes
Multipath networks hardware multiple no yes
Prevention-based strategies
Hardware combining hardware single yes no
Discard hardware/software multiple no no
Limiting requests hardware multiple no no
Detection-based strategies
Threshold-based feedback hardware multiple no yes
Buffer occupancy-based feedback hardware multiple no yes

Hot-spot contention in distributed-memory systems

Hot-spot contention can also occur in distributed-memory multicomputer systems. For example, ir
barrier synchronization, the processor coordinating the synchronization activity may become ¢
"hot-spot”. As in shared-memory architectures, hot-spot contention has been shown to have a
impact on both normal as well as hot-spot traffic in distributed-memory systems

[Dand92,Dand91]. Studies have shown that both hardware and software combining can be used
alleviate hot-spot contention [Dand89,Dand91].

With an unbounded message buffering capacity at each processor, both combining scheme
tend to provide similar performance improvements and completely eliminate the adverse effects o
hot-spot contention on both the normal and hot-spot messages.

With bounded message buffering capacity, hardware combining could eliminate only the
influence of hot-spot contention on normal messages. Hot-spot messages experience performan
degradation whether or not hardware combining is used. On the other hand, software combining i
more effective than hardware combining. Although normal messages experience similar delay:
with both hardware and software combining, only the software combining scheme provides
substantial improvements in the throughput capacity and in the delays associated with hot-spc
messages.

Further research

The focus of hot-spot contention studies has been on shared-memory systems that use a multiste
interconnection network. Except for a few of studies [Abra89,Dand92,Dand91], hot-spot
contention has not received as much attention in distributed-memory multicomputer systems. Sinc
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several large parallel systems (e.g., 9000+ node Pentium Pro-based Teraflop system) from Int
and nCUBE are based on the distributed-memory architecture, it is important to study the hot-spc
contention problems in these type of systems.

In addition, the concentration of previous studies has been mostly on managing hot-spo
contention caused by a single application in shared-memory systems. However, in a
multiprogrammed system, it is possible that each application may not cause any contention. Bt
these applications collectively may cause memory contention problems similar to the hot-spoi
contention we have discussed. All the techniques proposed for the traditional hot-spots might nc
apply to this problem and further study is needed.

It is unlikely that large systems are based purely on a shared-memory architecture. There is
trend towards a hybrid architecture for building large parallel systems. For example, shared:
memory clusters can be interconnected as in the distributed-memory architecture. The hot-spc
contention problem needs to be studied in such architectures.

5. CONCLUDING REMARKS

As the system size increases, hot-spot contention becomes a more serious problem affecting t
performance of the whole system. In particular, as parallel systems evolve toward general
purpose, multiprogrammed systems, it is imperative that systems effectively manage systen
bottlenecks such as hot-spots. Otherwise, inter-application dependence can result in unpredictak
execution times for individual applications. For example, if hot-spots are not managed properly, &
single application that creates a hot-spot can adversely affect the execution times of all othe
applications running on a multiuser system. This type of interference among applications is clearly
undesirable. Some of the strategies or a combination of them can be used to reduce the advel
effects of hot-spots in large parallel systems.
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APPENDIX -- MULTISTAGE INTERCONNECTION NETWORKS

Multistage interconnection networks (MINs) usen switches consisting af inputs andn
outputs. Here we focus on 2x2 switches. A typical 2x2 switch, shown in Figure Al(a), is a
crossbar with output message buffers. A 2x2 switch can be in one of two positions -- straight-
through or exchange -- as shown in Figure Al(b). The switch settings are controlled by two
control input bits. If the control bit of an input is 0, the input is connected to the upper output port.
If the control bit is 1, the input is connected to the lower output port. Thus a switch is set in the
straight-through position if the upper input has a control bit 0 and the lower input 1. The switch is
set in the exchange position if the upper input control bit is 1 and the lower input O. If both inputs
have either O or 1 as their control input, a conflict will arise.

We can construct B-input MIN by using logN stages, with each stage consisting\Néi2
switches. Figure Al shows the indirect cube MINN&8 inputs. Output ports of switches have
message buffers as shown in Figure Al(a). We, however, do not show these buffers explicitly ir
an interconnection network for the sake of clarity. The inter-stage connections are governed by th
following rule: the two inputs of a switch in stagdiffer by 2. For example, the top switch in
stage 0 has inputs 0 and 1, in stage 1 that inputs are 0 and 2, and in stage 2 the inputs are 0 an
Typically, the inputs are connected to processors and the outputs to memory modules.

Message routing in a MIN can be done in a distributed manner by using the destination
address. If we express the destination address as a binary number, we canthdattas the
control bit to set the switch in stageFigure Al(c) shows routing of a message from input 5 to
output 1. Expressing 1 in binary gives a 001. So we will use the most significant bit O as the
control bit in stage 2. Thus, the lower input of the second switch in stage 2 is connected to uppe
output as shown. Similarly, the middle O bit is used to control the switch in the middle stage anc
the least significant bit 1 is used to set the top switch in stage 0. For more details on MINs, se:
[Sieg90, AlIma94].
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Figure A1 Multistage indirect cube network



