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A Multiprocessor Bus Design Model
Validated by System Measurement

Thin-Fong Tsuei and Mary K. Vernon, Member, IEEE

Abstract— In this paper we develop an accurate and effi-
cient model of a commercial multiprocessor bus. Four important
characteristics of the bus design are modeled: 1) asynchronous
memory write operations, 2) in-order delivery of responses to
processor read requests, 3) priority scheduling of memory re-
sponses, and 4) upper bounds on the number of outstanding
processor requests. The represention of this complex behavior
distinguishes the model from previous models of memory and
bus interference in the literature. The model is a two-level
hierarchical model employing both Markov chain and mean value
analysis techniques for analyzing queueing networks. The model
is shown to accurately predict measured system performance
for two parallel program workloads that have different memory
access characteristics. This also distinguishes this work from
previous studies which have used system simulation to validate
analytic models. The results in this paper provide evidence that
analytic queueing models can be extremely accurate in spite of
simplifying assumptions required for model tractability. Model
estimates are compared against detailed simulation of the bus
to investigate in more detail the likely source of small model
inaccuracies. Finally, we illustrate the use of the analytical model
for assessing system design tradeoffs.

Index Terms— Bus interference, hierarchical models, Markov
chain analysis, mean value analysis, multiprocessors, perfor-
mance evaluation, split transaction buses.

I. INTRODUCTION

USES are used to interconnect processors and memory

modules either in small scale multiprocessor systems
or in subclusters of larger systems. A primary performance
factor in bus based systems is the contention for bus and
memory bandwidth. Previous studies have analyzed memory
and bus interference assuming very simple bus protocols
(8], [11], [15], [17], [18]. However, in practice buses often
have complex features that impact performance. For example,
decoupled transactions are often implemented in order to use
bus bandwidth more efficiently. In this case, a processor
relinquishes the bus while waiting for a response to a read
request from memory or an IO device. The decoupling of
transactions raises design issues such as response buffering
and scheduling of bus operations. The goals of this paper are
to develop an analytical model of a complex commercial bus
and to validate this model against actual system measurement.
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The purpose of the validation exercise is to test the hypothesis
that the analytical model can yield results that are sufficiently
accurate for evaluating system design tradeoffs in spite of
typical simplifying assumptions that are required for model
tractability.

We analyze the memory and bus interference in a com-
mercial shared memory multiprocessor, namely the Sequent
Symmetry/S-81 system. The S-81 bus employs a decoupled
request-response protocol that 1) requires responses to come
back on the bus in the same order the requests are issued
on the bus, and 2) requires a processor read or write request
to block when the respective specified limit on the number
of outstanding requests has been exceeded. We show that
an accurate and efficient analytic model can be developed in
spite of these and two other features of the Symmetry system:
3) asynchronous write requests that can immediately follow
processor read requests, and 4) priority scheduling on the bus
for memory and cache responses to processor read requests.

We develop queueing network models that include a combi-
nation of hierarchical modeling and approximate mean value
analysis to accommodate the above nonseparable characteris-
tics of the system. Previously developed approximations are
employed to model the asynchronous write operations and the
priority scheduling on the bus. We develop new heuristics for
the blocking of processor requests and out-of-order memory
responses. Careful reasoning about possible system timing
behavior simplifies the task in the case of the ordered memory
Tesponses,

Two models are developed. The first is a response-blocking
model that includes all of the bus characteristics except the
bounds on the number of outstanding requests. This model can
be used to evaluate the performance impact of the response
ordering requirement, as well as to assess the impact of
removing bounds on the processor requests. The response-
blocking model is then extended to a complete model that
includes the blocking of processor requests due to bounds on
the number of outstanding read and write requests.

The remainder of this paper is organized as follows. Section
I contains an overview of the Sequent Symmetry system and
our modeling approach. We develop our response-blocking
model in Section III and our complete model in Section IV. In
Section V, the models are validated against detailed simulation
of the bus and against measurements of the actual system
under two different (parallel program) workloads. Section VI
illustrates the use of the model by exploring the impact of
changes in certain aspects of the system design. Section VII
contains the conclusions of this work.
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II. BACKGROUND

The Sequent S-81 is a single bus system in which up to
30 processors (each with a local cache) are connected to two
shared memory modules and an I/O subsystem via a 10 MHz
system bus. Below we describe the Sequent bus design, give
an overview of our bus models, and review previous models
of memory and bus interference.

A. The Sequent Symmetry S-81 Bus Design

We consider three types of transactions that can be initiated
by the processors on the S-81 bus.! A read request (v) initiates
a read operation in another cache or in one of the shared
memory modules. When the read operation is complete the
requested block of data will be returned on the bus. An
invalidation request (:v) causes one or more other caches to
invalidate their copies of the specified block of data. No data
response is required for this transaction. An atomic read-write
request (rw) initiates a read operation in another cache or one
of the shared memory modules, as well as a write request to
one of the shared memory modules. The read operation begins
after the first cycle of the rw bus request. The write operation
allows the processor to delete an entry in its cache to make
room for the data requested by the read. The write operation
completes asynchronously and write acknowledgments do not
interfere with other requests or responses on the bus.

The main characteristics of the S-81 bus operation are [14]:

« Split transactions that decouple read requests and re-
sponses.

* Upper bounds on the number of outstanding processor
requests: three reads, two writes, and/or one I/O request.
A processor first arbitrates for the bus and then may block
due to one of the limits on outstanding requests. Thus, a
blocked processor request prevents other processors from
acquiring the bus (even if they have a request that won’t
exceed any limit.)

* Read responses must be returned in the order that requests
were issued on the bus. If a remote cache access or shared
memory access completes but an earlier read request
has not yet been satisfied, the responding memory or
cache blocks until all earlier requests are satisfied before
requesting the bus. This blocking does not prevent other
transactions from using the bus.

» Nonpreemptive priority scheduling of bus operations. 1/O
responses have the highest priority, memory and cache
responses to read requests have the next highest priority,
and processor requests have the lowest priority. Processor
requests are granted bus access in round robin order.

B. Performance Model Overview

Our analytical models of memory and bus interference for
the S-81 bus design are based on the closed queueing network

1Other requests or combinations of requests can be issued by a processor,
but (with the exception of I/O requests) are not observed in the execution of
the parallel programs used in our validation experiments in Section V. 1/O
operations occur primarily at the beginning and end of the parallel programs
used for model validation, which were excluded from the measurement
intervals. The models can easily be extended to include other operations for
examining performance under other workloads.
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Fig. 1. Queueing network model for the S-81 MBI analysis.

of Fig. 1. This figure shows the routing of processor requests
(iv, 7, and rw) and memory and cache responses (memrp and
carp). In one cycle, a process executes for a random amount
of time, makes a bus request, waits for the bus request to
complete and, if the request is a read, waits for a response
from shared memory or another cache. An invalidation request
requires only a simple bus operation. A rw request forks into a
read (7) and a write (1) request at the point indicated by (rw
fork)* in Fig. 1. The asynchronous write request accesses one
of the shared memory modules and then leaves the system.

A parameter of the model defines the probability that
a read request is satisfied by another cache. Our models
assume that all caches have equal probability of responding.
Since each processor has at most one active remote memory
read request and since the total number of outstanding read
requests is bounded by three, the remote cache access time
can be approximately modeled by a pure delay (no queueing)
server. Two shared memory modules are modeled, each with
equal probability of being accessed by a memory read or
write operation. The service times at the bus, the memory
modules and the remote cache are all deterministic. Blocking
of processor requests and the ordering of the responses are
not shown in the figure.

Processor execution times are represented by an infinite
server center in the network. The bus is modeled as a multiple-
class service center with priority scheduling of cache and
memory responses. Round robin scheduling of the three pro-
cessor requests classes is approximated by FCFS scheduling
of these requests in the model.

C. Previous Work

The previous work most closely related to our study are
the analytical models that focus on the general throughput
characteristics of various bus and memory configurations {3],
(8], [10), [11], [15]-[18], 21]. Modeling techniques used
include Markov chains [3], [10], [15]-[18], [21], Markov
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chains specified by Petri nets [11], and mean value analysis [8].
These models contain very simple workload parameters, such
as frequency of remote memory requests and the probability
distribution for which memory module is accessed. The models
also assume very simple operation of the bus and memory
subsystem. A recent study uses an analytical model to examine
the performance implications of a few bus design features
such as split transactions, and bus width (i.e., bus transaction
latency) [6]. However, for the most part, complex features
such those described above for the Sequent bus have not been
modeled.

Another collection of related previous models are those
that focus on the performance characteristics of various cache
coherence protocols [2], [7], [19], [20], [25]-[27]. These
models entail translating input parameters that characterize the
data sharing behavior of programs into parameters that define
the rates at which bus and memory operations are generated by
the coherence protocol. System performance is then typically
examined as a function of various program sharing characteris-
tics. The coherence protocol models have also assumed simple
operation of the bus and memory subsystem. For example,
most of the models assume a circuit-switched bus in which
read-response transactions are atomic [2], [7], [19], [20], [25],
[26]. In this case, issues related to memory response buffering
and scheduling do not arise. A comparative study of various
snooping protocols that assumes a split-transaction bus [27]
reaches very similar conclusions to a comparative study that
assumes a circuit-switched bus [2], indicating that simple bus
abstractions are probably appropriate for coherence protocol
performance comparisons.

In contrast to the coherence protocol models, we develop
a model of the fairly complex high-performance Sequent bus
using simple workload parameters that define the frequency of
various bus and memory transactions. In other words, we do
not model the operation of any particular coherence protocol,
but instead model the operation of a specific bus. For the
particular design issues our model addresses (illustrated in
Section VI), a more detailed bus model is required. Also in
contrast to all of the previous work, we validate our analytical
model against actual system measurement.

Since the Sequent system implements the Illinois coherence
protocol [14], [20], the measured workload parameters in our
validation experiments are a function of the programs running
during the measurement interval and the Illinois coherence
protocol. To analyze the same bus design for a workload with
essentialty no cache coherence operations or a system that
implements a different invalidation-based coherence protocol
(e.g., the Berkeley protocol [12]), only our workload parameter
values would change. The workload parameters might be
obtained by: 1) measuring an existing system as is done
in this study, 2) measuring a workload of interest on a
system that does not necessarily have the same detailed
bus features, 3) trace simulation of a workload of interest
(e.g., [6]), or 4) deriving the processor request frequencies
from higher-level input parameters using a model of the
appropriate coherence protocol. Parameters similar to the
inputs we require are derived from a particular set of workload
parameters that characterize data sharing behavior in [1],

assuming an invalidation-based directory protocol with similar
interconnection network requests to the Illinois protocol.

ITII. THE RESPONSE-BLOCKING MODEL

Our response-blocking S-81 model is an approximate mean
value analysis (MVA) model that estimates system perfor-
mance when responses from memory modules and caches
are returned in order, but there is no limit on the number
of outstanding requests. Priority scheduling of bus operations
and the spawning of asynchronous write requests are included
in this model. The response-blocking model establishes the
fundamental equations for the lower level submodel of the
complete hierarchical S-81 model in Section IV. The term
“response-blocking” refers to the fact that a memory module or
cache will block when ready to return a response to a processor
read request if an earlier processor request is still outstanding.

A. Overview of the Response-Blocking Model Approximations

The spawning of asynchronous write requests is modeled
using the MVA approximations developed in [9]; whereas
priority scheduling at the bus is based on the approximations
developed in [4]. The read response ordering requirement,
however, requires new heuristic extensions to the MVA equa-
tions.

Analysis of the S-81 system timing information reveals
several reasonable assumptions that can be made to reduce
the number of cases of response-blocking that are modeled.
In particular, the remote cache read latency is significantly
larger than the shared memory latency for a read operation,?
whereas the memory read latency is approximately equal to the
bus access time for a read request. These facts, together with
the priority scheduling of cache and memory responses on the
bus, imply that 1) a read access to one shared memory module
rarely completes out of order with read accesses to the other
shared memory module, and 2) a read access to a cache rarely
completes before a previously issued read access to a shared
memory module. Also, since the queueing of bus read requests
at remote caches is negligible (as argued in Section II), two
remote cache accesses almost always occur in the order they
were issued. However, a memory response to a read request
will block on the bus if the read request was issued soon
after another read request that required a remote cache access.
Thus, this is the only case of response blocking that we model.
Although this greatly simplifies the calculations, the general
approach we use could be extended to other cases of response
blocking for other bus design parameters.

For a read request to a shared memory module, we calculate
the probability that the response is delayed by a cache response
to a prior request, and the conditional mean time the response
is blocked given that blocking occurs. These quantities must be
accurately estimated since they impact the memory blocking
time as well as the delay until the processor receives a
response. We will discuss the estimation of these quantities
as we present the MVA equations in Section III-B.

2The precise values of these quantities is proprietary information that we
are not authorized to reveal. In Section V we experiment with a range of
values for these parameters.
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TABLE I
NOTATION FOR RESPONSE-BLOCKING MODEL

Request Classes

* j € {iv,rw,r cacherep, memrp} denotes the request class at the
bus. iv, rw, and r are the invalidation, read/write and read requests
from processors, respectively. cacherep and memrp are the cache and
memory responses, respectively

* k € {#,w} denotes the request class at memory. i is the memory
read generated by an r or rw bus request and w is a memory write
generated by an rw bus request.

Input parameters

* 7 denotes the mean processor interrequest time for the bus.

* fj denotes the probability that a processor request is of type j €
{iv,rw, r}

fea denotes the probability that a read request is responded by a cache.
thus,; denotes the bus access time for request class j.

thus,rp denotes the bus access time for a memory or cache response.
tmem,k denotes the memory access time for request class k&

tca denotes the cache read time.

Model parameters

* R(N) denotes the mean processor cycle time (execution plus bus access
plus possible remote memory access) in a system with N processors.

* R;(N) denotes the mean time for a request j € {iv, rw,r} from the
time it is generated until the request completes (iv) or until a response
returns to the processor (r, ruw)

* Whys,j(N) denotes the mean bus waiting time, not including service,
for class j requests.

* Wiem,;j(N) denotes the mean waiting time before receiving service
at the memory for class j requests.

* Qpus (V) and Uy, j(N) denote the mean queue length of class
J requests at the bus, and the bus utilization by class j requests,
respectively.

* Qca(N) denotes the mean number of read requests at the caches.

P.,(N) denotes the probability that a response from memory will be

blocked by a response from a cache.

Apus,; (V) denotes the bus throughput for request class j.

* Diem,#(N) denotes the mean time spent in memory for a class 7
request, including the queueing, service and blocked time waiting for
the response to return in order

B. The Response-Blocking MVA Equations

We present the MVA equations in a top-down fashion, using
the notation given in Table 1. The processor cycle time is
presented first, followed by the equations for the components
in the cycle time.

The mean processor cycle time is the sum of the execution
time 7, and the weighted average of the mean response times,
R;(N), for the three types of processor requests. Thus,

RIN)=7+ > fRi(N). (1)

j=iv,r,rw
The mean response time for an invalidation request is simply:

Riv (N) = Wbus,iv(N) + tbus,iv' (2)

The mean time for a read request to complete, R,.(N), is
the sum of the time the request waits for and uses the bus, plus
the time until the read response returns. The read request has
a probability f., of accessing another cache, and a probability
(1 — fca) of accessing shared memory. D,,erm (V) includes
the queueing and service time in memory, the mean blocking
time due to response ordering, and the mean time the response
waits for the bus. The bus access time for a cache or memory

response is tpysrp. Thus,

RT(N) :Wbus,r(N) + tbus,r + fca X [tcs + Wbus,cucherp(N)]
+ (1 - fca) X Dmem,r(N) + tbus,rp~ (3)

For a read followed by write request (rw), the cache
or memory read operation occurs in parallel with the write
operation on the bus, but is guaranteed to take at least as long,
due to the times for these operations. We ignore the fact that
responses to rw requests are more likely to find the bus busy
(due to other requests that queued while the write operation
occupied the bus). Thus,

RT‘(U(N) = R.(N). 4)

Mean Bus Waiting Time for Processor Requests (Wiys iy,
Whus,rs Whus,rw): Processor requests are served FCFS at the
bus, whereas responses have higher priority. The bus waiting
time for an iv, r or rw request is thus equal to the sum of
the mean service times for requests and responses found in the
bus queue when a request arrives, plus the service times for
the responses that arrive during the request’s queueing time.
Since the bus service time is deterministic for all requests and
responses, the mean residual service time of the operation in
progress when a request arrives is one-half its total service
time. Thus, the time to serve the requests and responses found
in the queue by an arriving request is

K= > [Qbus,i (N = 1) = Upus 5(N = 1)]

j=iv,r,rw,memrp,cacherp

X tbus,j + Ubus,j (N — 1) X tyus,j/2

Applying the MVA approximation for a nonpreemptive
priority service center in [4], new cache and memory responses
arrive during the request queueing time at rates approximated
by the respective bus throughputs, Apys cacherp(IN — 1) and
Apys,memrp(IN — 1). Each of these responses uses the bus for
thus,rp time, causing an additional request waiting time equal
to Wbus,r‘(N - 1) X [Abus,cacheTp(N - ]-) + Abus,memrp(N -
1)] X tbus,rp = Wbus,T(N) X [Ubus,cacherp(N - 1) +
Ubus,memrp(IN — 1)]. The minimum waiting time for requests
is one bus cycle, since a request that arrives to an idle bus
must wait for a bus arbitration cycle. Thus,

Wbus,iv(N) = Wbus,r(N) = Wbus,rw(N)

K

1- [Ubus,cacherp(N - ]-) +Ubus,memrp(N - 1)] )
®

=max<1.0,

Mean Bus Waiting Time for Responses (Wyys memrp)
Whus,cacherp): The bus waiting time of a memory response
depends on whether the response blocks due to the requirement
for in-order delivery of responses to read requests. A blocked
memory response waits in the memory until the blocking cache
access is complete and then queues behind the cache response
at the bus (see (8) below). The waiting time for the bus is thus
equal to the time the cache response queues for and uses the
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bus. A memory response that doesn’t block will find very few
responses ahead of it in the bus queue, since tbus,rs tmem,s
and tpys -, are all approximately equal. We thus assume these
memory responses wait only for the operation currently on the
bus to complete before they receive permission to use the bus,

Wbus,memrp(N) = Pca(N) X (Wbus,cacherp(N) + tbus,rp)
+ (1= Pea(N)) X Y Upua j(N — 1)
J

X tbus,j/2- (6)

A cache response, as for the nonblocked memory response,
only waits for the bus operation in progress to complete before
gaining access to the bus,

Wbus,cacherp(N) =
Z Ubus,j(N - 1) X tbu&,j/z‘ (7)

j=iv,r,rw,memrp,cacherp

We have assumed that the probability that a response from
one memory module is blocked by a response from the other
memory module is negligible. Our estimation of the blocking
time in Dp,erm () may thus be slightly optimistic.

Mean Delay at Memory (Dyem ) The mean memory de-
lay Dyem (V) for a read request, including the time the
response waits for the bus, is a weighted average of the delay
when the memory response is not blocked and the delay when
it is blocked. The delay of a blocked memory read is estimated
as the remaining service time in the cache (t.,/2) plus the time
the cache response waits for and uses the bus, assuming the
queueing and service time at the memory is less than or equal
to this value. The delay of a nonblocked memory read is the
sum of its queueing and service times in memory, and the time
the response waits for the bus.

Dmemf(N) = PCG(N) X (tca/2 + Wbus,cacherp(N)

+ tbus,rp) + (1 - Pca(N)) X (Wmem(N) + tmem,f'"‘

2: Ubus j(N = 1) X tyusj/2 . (8)

Jj=tv,r,rw,memrp,cacherp

Note that the mean bus waiting time for the memory response
is included in the memory delay and is not added again in the
equations for mean cycle time [(3) and (4)].

Probability that a Memory Response Blocks due to Response
Ordering (P.,): The probability that a memory response
blocks due to the requirement for in-order delivery of re-
sponses is estimated at the probability that the request finds
at least one cache read in progress when the read request
arrives to the memory. The mean number of remote cache
read requests seen by the arriving memory read request is
approximately Q.,(N — 1). The utilization of each cache is
equal to Q.o (N — 1)/N. The probability that there is at least
one cache read access in progress when a read request arrives
to memory is therefore equal to 1 — [1 ~ (Qca(N — 1)/N)]V.
We further assume, and have observed that Q..(N — 1) is
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very small and hence this probability can be approximated by
Qca(N — 1).3 The probability P, (N) is thus,

Peo(N) = min (Qca(N - 1),1.0). ©)

Mean Memory Waiting Time (W nem): A request arriving
at the memory may find read and/or write requests already
in the memory queue. The spawning of asynchronous write
requests from rw processor requests is modeled by an indepen-
dent stream of write requests arriving at a rate of Apys rw(NV),
as proposed in [9].

The mean memory waiting time W, (V') depends on the
mean memory holding time for the read and write requests,
denoted by Spem,#(IN) and Spem w, respectively. Since a
write request is not affected by the bus response ordering,

(10a)

Smem,ﬁ; = tmem,zi)-

The mean memory holding time for read requests includes
mean time the response is blocked due to in-order delivery
of responses, plus the time spent waiting for the bus. Thus,
Smem,#(IN) is the mean delay in the memory, Doem (N)
[(8)], less the waiting time Wi,em (/N) at the memory,

Smem,f(N) = Pca(N) X (tca/2 + Wbus,cacherp(zv)
+ tbus,‘rp - mem (N))
+ (1 = P.o(N))
X (tmems + 3 Ubua j(N = 1) X tous j/2)
7
= Pca(N) X (tca/2) + (1 - Pca(N)) X tmem,f
+ Whus,memrp(IN) = Pea(N) X Wnem(N)
(10b)

where Whus, memrp(IN) was derived in (6).

Requests in memory are served FCFS. Assuming that
Smem,# is approximately deterministic, the memory waiting
time is given by,

Wmem(N) = Z {[Qmem,k(N - 1) - Umem,k(N - 1)]

k=7

X Smem,k(N) + Umem,k(N - 1)
X Smem,k(N)/Q}'

Since the fourth term in Spem,+(N) is Pea(IN) X Winem(N),
we simplify the above equation by defining S;,.,,, s to be the
first three terms in equation (10b), and S;nem’u., =

The memory waiting time can thus be written as

m

mem i

3Note that this approximation is another source of optimism in our
equations. However, Section V will show that the model is quite accurate
for a set of measured model parameters. The more precise equation can be
used if needed.
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Wnem(N) =
Z {[Qmem‘k(N - 1) - Umem,k(N - 1)]
k=7,

X S;nem,lc(N) + Umem,k(N - 1)
X Stuem 1 (N)/2}/

(1+Pca(N) X (Qmem,r(N —1) - M))
1n

Throughputs, Utilizations and Queue Lengths: Using Lit-
tle’s Result, the overall throughput of the system is

N

A(N) = yTOL

12)
The throughput for processor requests, j € {iv,r,rw}, is

Abus,j(N) = fj X A(N)7 (13)

and the throughput of cache and memory responses is:
Abus,cacherp(N) = fca, X (Abus,r(N) + Abus,rw(N))7 (14)

and

Abus,memrp(N) = (1 - fca) X (Abus,r(N) + Abus,'rw(N))'
(15)
Bus utilization and the mean bus queue length are, respec-
tively,

Ubus,j(N) = Abus,j(N) X tbus,ja and (16)
Qbus,i(N) = Apus,j(N) X (tbus,j + Wous,i (V). (17)

The utilizations and queue lengths of memory requests are
estimated from the respective throughputs. Since there are two
memory modules, each accessed with -equal probability,

Umem,#(N) = Abus,memrp (V) X Smem,#/2, (18)
Unemw(N) = Apus,rw(N) X tmem,w/2, (19)
Qmem,#(N) = Abusmemrp(N) X (Smem,i + Wimem(N))/2,

(20)

and

Qmem,ﬁz(N) = Abus,rw(N) X (tmem,lﬁ + Wmem(N))/2
O3y
Note that Upem, (V) here is the probability that a memory is
held by (not necessarily serving) a read request.
Similarly, the mean queue length at the cache is
Qca.(N) = Abus,cacherp(N) X teq. (22)
The model can be solved cither by stepping from 1 to the

system population (N), or by iteration using Schweitzer’s
approximation [22].
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Bus-Memory subsystem

Fig. 2. (a) Higher level model: processor blocking (Markov chain analysis).
(b) Lower level model: bus and memory subsystem (mean value analysis).

1V. THE COMPLETE (FULL-BLOCKING) MBI MODEL

In this section we develop a two-level hierarchical model
that extends the model of the previous section to include
bounds on the numbers of outstanding processor requests that
can be issued on the S-81 bus. The hierarchical model thus
includes all of the characteristics of the Symmetry S-81 bus
design outlined in Section II.

The higher level model [Fig. 2(a)] consists of the processors
and a flow equivalent service center (FESC) representing the
bus and memory subsystem. A processor request that blocks
due to the bounds on outstanding read and write requests can
be viewed as queueing at the FESC, waiting for a request of
the appropriate type to depart the bus and memory subsystem.
The lower level model [Fig. 2(b)] consists only of the bus and
memory subsystem, and is similar to the response-blocking
MVA model developed in Section III.

The separate limits on outstanding read and write processor
requests requires a multiclass model and global balance solu-
tion at the higher level. The rate at which a request completes
in the FESC is a function of its request type and the number
and type of the other outstanding requests in the bus and
memory subsystem. We solve the lower level submodel for all
possible numbers of read, write, and invalidation requests, such
that the bounds on the outstanding requests are not exceeded.
For each of these feasible subsystem states, the mean through-
put for each request type is estimated using approximate MVA
equations similar to those developed in Section III. To solve
the higher level submodel, we develop a continuous-parameter
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Markov chain, where each state represents the number of each
type of requests in each queue. The transition rates of the
Markov chain are calculated from model input parameters and
the calculated throughputs of the FESC.,

We first discuss the details of the lower level submodel,
followed by the details of the higher level Markov model.

A. The Bus and Memory Subsystem Model

The queueing network for this submodel [Fig. 2(b)] is ob-
tained from the network in Fig. 1 by “shorting” the Pprocessors
[13], so that requests now circulate only in the subnetwork.
While the processor requests are in a single chain in the
queueing network for the response-blocking model (Fig. 1),
the requests circulate in three separate chains in Fig. 2(b).
This is the principal distinction between the two models. The
requests in the 7 (or rw) chain retain their chain identity as
they visit the cache, memory, and bus response queues; this
is not shown explicitly in the figure in order to simplify the
diagram. Three chains are required in order to estimate the
steady state throughput of each request type for a particular
network population vector.

Let Ny 1imis and Ny, imi; denote the specified upper bounds
on the number of outstanding read and read/write requests,
respectively. The submodel is solved for each population
VECtor (v, Mo, Npay) Such that 1y < No timit, Nrw + 1y <
Ny timit, and Ny, + Ny, + 1, < N, where N is the population
of the higher level model (i.e., N is the number of processors).

The MVA equations for the bus and memory subsystem for
the complete MBI model are based on the same assumptions
and reasoning about system behavior as in the response-
blocking model. The notation and equations are given in
the Appendix. The equation numbers for this model have a
suffix B, and otherwise are numbered so that corresponding
equations in the response-blocking model are easily identified.
Note that the separation of the submodel population into three
chains implies that the mean bus waiting time [(5B), (6B),
(7B)], the mean memory waiting time [(11B)], and the mean
memory delay [(8B)] are chain-dependent. That is, removing
a customer from a specific chain removes only the service
demands of the customer in that particular chain. This in turn
implies that R,(N) and R,.,(N) are not equal. Similarly, the
mean bus and memory queue lengths, are affected by the chain
dependent waiting times.

The equations in the Appendix are solved by starting
from a total subsystem population (Ng) equal to 1, and
successively increasing the population by one until the maxi-
mum population is reached, solving for the chain throughputs
for each feasible distribution of the total population. The
MVA equations can be solved for all populations because the
limits, Ny 1imiz and Ny, 1imit, Which determine the maximum
populations in the = and rw chains are typically small.

B. The Higher Level Submodel

The higher level submodel of the complete MBI model
is a continuous time Markov chain that represents the state
transitions in the queueing network of Fig. 2(a). A Markov
chain is required by the separate bounds for different types of

outstanding bus requests. The rates of completion of jobs in
the FESC, which are dependent on the nonblocked subsystem
population, are estimated from the lower level bus and memory
submodel presented above.

Below we define the states and the state transition rates of
the Markov chain. The calculation of processor cycle time and
the bus utilization from the stationary state probabilities of the
Markov chain, is discussed in Section IV-C.

1) State Definition: Since the completion rates of requests
in the FESC depends on the number of active (i.e., nonblocked)
requests in the bus and memory subsystem, the states of the
Markov chain must include a specification of the blocked
queue. Recall that the blocked queue at the FESC behaves
as follows. A read or write request blocks when the number
of outstanding requests of the same type (i.e., the number
already active in the bus and memory subnetwork) equals
the specified maximum value. Since a blocked read or write
request blocks all later processor requests from accessing the
bus, an invalidation request arriving at the bus blocks if the
number of requests already blocked is greater than zero. When
a read or write request completes in the subsystem, the read
or read/write request at the head of the blocked queue may
unblock, in which case subsequent blocked requests (in round-
robin order, approximated by FCFS) are allowed to enter the
subsystem until either the blocked queue empties or another
request blocks.

The state of the Markov chain must contain sufficient
information to predict 1) whether a processor request arriving
at the FESC will block, and 2) how many blocked processor
requests can enter the subsystem when a request completes
service in the FESC. A sufficient representation includes the
number and type of requests in the subsystem, as well as
the number, the type and the (FCFS) ordering of the blocked
processor requests. However, the Markov Chain can be sim-
plified if we only represent the number of blocked processor
requests (np), and then compute the state probabilities for the
blocked queue as needed from the number of blocked requests,
the subsystem population vector, and the frequencies of the
various request types. This state aggregation is approximate,
but gives sufficiently accurate results in our experimental
validations. The model is also simplified if we assume that
a write request completes at approximately the same time
as the read request generated by the same rw processor
request (i.e., the number of outstanding writes in the subsystem
is approximately equal to n,,). This latter assumption is
reasonable since thus,rp & tmem,w- With these assumptions,
four parameters are sufficient to describe the state of the
system:

g = (nblk§ Nivy Nrw, nr)

where !gl = Ei:blkrrw iv T < N’ Npyw < Nw,limit’ and
(nr 4+ Npw) < Nr,lim;t’- The number of processors executing
locally can be obtained from this state definition and is equal
to (N — |§)).

2) State Transition Rates: The Markov Chain model as-
sumes that processor interrequest times and FESC service
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HIGH-LEVEL MODEL STATE TRANSITIONS. (a) DEPARTURES FROM THE PROCESSOR QUEUE S = (Rbik; Riv, Mrw, Nr ), N — \5‘ | > 0.

TABLE 11

(b) DepPARTURES FrROM THE FESC S = (Pbik; My Nrw, Br )y Riy + Nrw + 0y > 0

Next State Transition Rate Restrictions
S+é. fiont npe =0
S+e fru npik =0, nr 4+ Prw < Ny timat
S - npix =0, nr + nrw < Nr,lzmztv
S+ Fruwp rw < Nrtimit
u nptk 2 0
S+ (fr + fuln npik = 0, nr + Rrw = Ny timit
Fropt npik =0, Ny + Nrw = Ny limat,
v Nrw = Nr,Iimit
(2)
Next State Transition Rate Restrictions
S—z, Ain(S) niy >0
S5-¢& A-(8) npie =0, 7 >0
S — e Arw(S) ik =0, nrw >0
) b = 1st blocked job d =departed job
= Aa(S)f (1 = fin)® npk 21+44,5 20,
S — &g~ (14 J)épik + i€h + JCiv a=0ifnpr =147 nr + nrw = Nrimit
a = 1 otherwise be{r}if nrw = Ny limit andd =7
b € {r, rw} otherwise
B Ar((S)X FLFL(1 = Fin)® npik > 14147,7 20, nrw = Nu timit
S—(+ i+ )ik + 18 + jE0 a =min (1, npir — (1 + i 4 5)) nr < Nrtimit — Nuw limit .
X = state dependent factor Nrtimit — Nu limit =nr 2120

(®)
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times are exponentially distributed. Transition rates will be
defined using the following notation:

* pu = 1/7 denotes the rate of the exponential processor

interrequest time,

. Aj(g) denotes the FESC queue departure rate for class

7 in state S requests,

¢ fr/ = fr/(fr + frw)y
frwl = frw/(fr + frw)’

¢ ¢, denotes a vector of the same form as g , with n, = 1,

and n; = 0,7 # c.

Table II(a) and (b) gives the next state transition rates for an
arbitrary state S. In Table I1(a), transitions for departures from
the processor queue increment the count of the appropriate
subsystem request type if there are no blocked requests and
the new request will not exceed one of the upper bounds on
outstanding bus requests. Otherwise the transition increments
the count for the blocked request queue. The rates for these
transitions are straightforward.

In Table II(b), the next state and transition rate for the
completion of an iv request in the bus and memory subsystem
are similarly straightforward, since no blocked jobs can be
unblocked by this event.

Rates for transitions that are due to departures of r or rw
requests from the FESC may require the calculation of various
state probabilities of the blocked queue. In the simplest case,
npir = 0, and the next state simply contains one less customer
in the FESC. If ngpy, > 0 and (nr + Nrw) = Nrjtimas, then
the first blocked request is an r request with probability f,
and an rw request with probability f,,’. The first blocked
request, plus the next j consecutive invalidation requests in

the blocked queue, will unblock. Each request in the blocked
queue other than the first has probability fiy, fr, and f. of
being a iv, rw or r request, respectively.

If ngir, > 0, npy = Nw,limit’ and n, + Ny < Nr,limita
the first job in the blocked queue must be an rw request.
In this case, a departing rw request from the subsystem
is immediately replaced, and the next ¢ + j consecutive v
and/or 7 requests will also unblock, with the restriction that
at most ¢ < Ny timit — Nrw — Br = Nrtimit — Nuw limit —
n, read (r) requests can unblock. The precise probabilities
for these state transitions depends on the particular state
of the blocked queue; i.e., all possible permutations of the
consecutive requests in the blocked queue must be considered.
We have used the symbol X in the transition rate to denote this
state-dependent factor in the transition rates. Examples of the
state transition rates for particular states are given in Table IIL

C. Performance Estimates for the Complete Model

The performance metrics that we are interested in obtaining
from the complete MBI model include the mean processor
cycle time and the bus utilization. We compute these measures
from the stationary state probability vector () for the Markov
chain, which we obtain using the Markov chain solution
technique suggested in [23]. The mean number of executing
processors, which we call processing power (Ppower), and
the utilization of each processor, which we call processor
efficiency (Pefficiency) are then computed as follows:

Ppower(N) = ZW(S’) X (N - g), and (25B)

S




720 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 3, NO. 6, NOVEMBER 1992

TABLE 111
EXAMPLE STATE TRANSITION AND RATES.
(a) CURRENT STATE = (3; ny,,, 1, 2), (b) CURRENT STATE = (3; nip, 2, 0)

Next State Transition Rate
3; niv—1,1,2) Aiv
(2; niw, 1, 2) Arw fle(1 = fin)
(1 nin+1,1,2) Avw flwFir(l = fir)
0; n;0+2,1,2) Arwfly fl?v
(2 niv, 0, 3) Arw fl(1 = fin)
(15 nin+1,0, 3) Avw i fio(1 = fir)
(0; niy+2, 0, 3) ArwflF2,
(2 niv, 2, 1) Arfl(1~ fir)
15 niv+1,2, 1) A flo fie(1 = fiv)
0; niv+2,2, 1) Arfl.f2,
(25 iy, 1, 2) Arfl(1 - fi)
(1 niw+1, 1, 2) Arflfin(1 = fir)
0 nivt2, 1, 2) A fLFE

(@)

Next State Transition Rate
(3; niv—1, 2, 0) A
(2; iy, 2, 0) Arw fruw
15 iy, 2, 1) Arw fr(1 = fir)
©; niv+1,2, 1) 2Avw fr fin
1; niv+1, 2, 0) Arwfiv frw
0; niy+2, 2, 0) Arw f2,

®)

Pefficiency(N) = Ppower/N~

System throughput is calculated from the processor efficiency
and the processor request rate 4 = 1/7,

A(N) =u X Pefficiency(N)~

Finally, the mean processor cycle time is calculated from the
throughput,

(26B)

(27B)

R(N) = N/A(N), (28B)

and the bus utilization is obtained by multiplying the system
throughput by the mean time that a processor uses the bus,

Ubus(N) = A(N) X [fr X (tbus,r + tbus,rp) + frw
X (tbus,rw + tbus,rp) + fiu X tbus,iv] .
(29B)

The estimated mean processor cycle time R(N) for the
complete model can be compared with the estimated mean
cycle time for the response-blocking model [(1)], to study the
performance impact of the bounds on outstanding bus requests.

V. MODEL VALIDATIONS

We validate the complete (or full-blocking, FB) model
against measured performance of an actual 20-processor S-81
system for each of two particular parallel program workloads.
Model input parameters were also determined by system

measurement and/or system specifications for the S-81 bus.
We find that the full-blocking (FB) model estimates of mean
processor cycle time and bus utilization have at most 9%
error, and are typically within 6% of the measured values.
Response-blocking (RB) model estimates are also compared
with measured performance and full-blocking model estimates.
The comparison shows that for systems larger than 10 proces-
sors, it is important to model the bounds on the number of
outstanding bus requests, as in the complete FB model.

To investigate the causes of the small inaccuracy in the FB
model and to validate the RB model, we have developed a sim-
ulator of the S-81 system. This simulator precisely models the
bus operation, and includes variable parameters for the bounds
on the number of outstanding read and write bus requests. For
each of the FB and RB models, we compare the predicted
mean cycle time and bus utilization with simulation results.
We find that the model predictions are always within 3% of
the simulation estimates, indicating that the approximations in
the model for features of the system that violate product form
queueing network assumptions, are accurate for the workloads
studied. As will be explained further below, we conclude that
the inaccuracy of our analytic models is most likely due to our
lack of knowledge of (possibly undocumented) features of the
bus protocol not captured in the model.

A. Full-Blocking Model Validation Against
System Measurement

The two parallel programs used to experimentally validate
the models are called Bicon (parallel biconnectivity algorithm
[24]) and GE (Gaussian Elimination with partial pivoting
[5]). The model input parameter values measured for each
of these programs as a function of the number of processors
executing the parallel program, are given in Table IV. The
input parameters, as well as the system performance metrics,
were measured using a Northwest Instruments Microanalyst
2000 logic analyzer. Note that the probability that a read
request is serviced by a cache ((1 — f.,)) is about 0.5 for the
GE program, whereas this parameter varies between 0.1 and
0.3 for bicon. Thus, the performance of GE is more likely
to be affected by the requirement for in-order delivery of
read responses. The mean bus demand per processor request,
which is dependent on the frequency and the service time for
each request type, is approximately equal for GE and Bicon.
However, the Bicon program has shorter mean interrequest
times when the number of processors equal to or greater than
10, and hence has a higher rate of demand for the bus and
memory in this case.

Table V shows the comparison of the predicted mean cycle
time (R) for the FB and RB models with the measured values
for the Bicon and GE programs. Similar comparison of the bus
utilizations is given in Table VI. For both programs, when the
number of processors is less than 10, the effect of limitation on
the number of outstanding requests is small, and the results of
both the response-blocking (RB) model and the full-blocking
(FB) model are within 3-4% of the measured values. For 10
or more processors, the percent differences between the model
results and the measured values increase. The difference for



TSUEI AND VERNON: MULTIPROCESSOR BUS DESIGN MODEL VALIDATED BY SYSTEM MEASUREMENT 721

TABLE IV TABLE VI
MEASURED WORKLOAD CHARACTERISTICS (a) Bicon. (b) GE COMPARISON OF PREDICTED AND MEASURED BUs UTILIZATION. (a) Bicon. (b) GE
N T fr Srw fiv fea Bus Utilization (Uy, )
1 127.06 0.582 ] X X N
0.418 0.0000 0.0000 ! Rg 1 FB measured  %(RB-meas) %(FB-meas)
2 85.32 0.830 0.170 0.0004 0.1063 moce model
5 67.29 0.811 0.187 00019 03102 20075 0075 0.075 0.0 0.0
10 54.06 0.836 0.157 0.0062 0.2581 50029 0229 0.227 0.9 0.5
15 52.52 0.870 0.128 0.0014 0.2058 10 0523 0518 0.486 76 6.6
18 49.01 0.899 0.094 0.0073 0.1374 150757 0721 0.666 13.7 83
@ 18 0881 0822 0.772 14.1 6.5
(@)
N T f T .f rw f v f ca ~
1 160.22 0.018 0.982 0.0000  0.0000 Mean Cycle Time (R)
2 78.22 0.610 0.331 0.0590  0.5307 N RB FB © casured  %(RB-meas)  %(FB-meas)
model model
71.02 0.624 0.320 0.0565 0.4278 o0 o008 088 11 =
8 74.99 0.569 0.346 00856 04797 0' 188 0' 188 0. 153 ; 7' 2_7 ’
12 83.30 0.643 0.316 0.0405 0.5138 N 0'358 0’356 0'345 3'8 3'2
16 78.19 0.764 0.166 0.0704 0.5316 ' ’ ’ ’ '
12 0482 0475 0.454 6.2 4.6
@ 16 0583 0562 0.517 128 8.7
()
TABLE V

COMPARISON OF PREDICTED AND MEASURED
MEeaN CycLE TIME. (a) Bicon (b) GE

Mean Cycle Time (R)

N
m]:)};el m*;gel measured  %(RB-meas)  %(FB-meas)
2 93.28 93.29 93.31 0.0 0.0
5 71.57 77.68 78.40 ~11 -09
10 65.45 66.74 71.18 —-8.1 —-6.2
15 66.96 70.38 76.16 —12.1 -76
18 66.77 71.56 76.19 —124 —6.1
@
Mean Cycle Time (R)
N
m]({)gel m]:)gcl measured  %(RB-meas) %(FB-meas)
2 89.10 89.11 87.84 1.4 14
82.16 81.64 84.12 -2.3 -2.9
86.33 86.95 89.95 -3.6 -29
12 96.23 97.78 102.35 —-6.0 —45
16 92.10 95.50 103.96 —-11.4 -8.1
®)

the response-blocking model increases more rapidly, indicating
that it is important to model the processor request bounds. The
cycle time estimated from the full-blocking model can be as
much as 30% (GE at N = 32) longer than that from the
response-blocking model.

B. Model Validation Against Simulation

To investigate the causes of the discrepancies between the
complete model results and the measured values, we simulated
the bus design and compared the analytic, measured, and
simulation results.

The simulator precisely mimics the operation of the bus,
but represents cache accesses and the workload approximately.
The features of the bus that are implemented precisely in the

simulator include asynchronous execution of write requests at
the shared memory, blocking in the memory due to in-order
delivery of responses to read requests, priority scheduling of
read responses on the bus, processor blocking due to bounds
on the number of outstanding bus requests, and round-robin
bus arbitration for the processor requests.

The deterministic bus access times, memory read and write
latencies, and cache read latency are also precisely modeled in
the simulator. However, cache accesses are assumed to incur
no queueing delay in the simulator, as in the analytical models.
We expect this to be reasonable since for the S-81 there are
at most three read requests accessing the caches and shared
memory at any given time, and for our workloads each request
has 50% or higher probability of accessing main memory.
Furthermore, with reasonable degree of uniformity in cache
access probabilities and a bounded number of outstanding
read requests, we would expect modeling error to decrease as
system size increases if ignoring cache queueing delays were
a source of significant error in the simulation or analytical
models. This is not the case in Tables V and VI, nor in Table
VIL

The simulator assumes exponential processor interrequest
times and independent request probabilities as in the ana-
lytical models. The measured coefficient of variation of the
processor interrequest times is less than 2. It is unlikely that
any particular interrequest time distribution with such a low
coefficient of variation would result in significantly different
mean performance estimates than the exponential distribution.
Thus, we don’t expect these workload assumptions to intro-
duce significant error in the simulation, and we expect the
simulation model to agree very well with the measured system
performance. We anticipated that the simulation would help us
pinpoint more precisely which equations were the source of
inaccuracy in our analytical models.

1) Full-Blocking Model Validation Against Simulation:
Table VII compares the FB model estimates, simulation
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TABLE VII
COMPARISON OF MEASURED, SIMULATION AND PREDICTED PERFORMANCE (FuLL BLOCKING). (a) Bicon (b) GE
N Mean Cycle Time (R) Bus Utilization (Up,,s)
sim %(sim-meas) %(FB-sim) sim %(sim-meas) %(FB-sim)
94.14 0.9 -09 0.074 -13 1.4
S 78.56 0.2 -1.1 0.226 —-04 1.3
10 67.05 -58 -0.5 0.515 6.0 0.6
15 71.51 —6.1 —-1.6 0.708 6.3 1.8
18 72.29 -5.1 -1.0 0.814 6.4 1.0
(2
N Mean Cycle Time (R) Bus Utilization (Up,s)
sim %(sim-meas) %(FB-sim) sim %(sim-meas) %(FB-sim)
90.28 28 —-1.3 0.086 —23 1.2
82.81 —-1.6 —-14 0.186 1.6 1.1
87.84 -1.9 -1.0 0.351 1.7 0.4
12 98.86 —-34 -1.1 0.486 31 1.5
16 95.75 -7.9 —0.3 0.559 8.1 0.5
®)

estimates, and actual system measurements of mean cycle
time and bus utilization. Our first observation is that the
FB model results are within 1-2% of the simulation results
in all cases. Thus, the analytic approximations for in-order
delivery of memory responses, priority scheduling of memory
responses, asynchronous write requests, and bounded number
of outstanding requests have not introduced significant error
in the results and are not the cause of the discrepancy
with measured performance. Second, in spite of the precise
simulation of the bus design, the difference between the
simulation results and the measured values is only slightly
smaller than the difference between the FB model estimates
and the measured values. As explained above, we believe
the workload assumptions in the FB model and simulator are
not likely to cause significant error in the reported measures.
Thus, we hypothesize that the error in the FB model (as
well as the simulator) is due to system details that we
are not familiar with In any case, the discrepancies are
small.

2) Response-Blocking Model Validation Against Simula-
tion: Simulation results for the response-blocking model are
obtained by setting the limits on the outstanding number of
reads and writes in the simulator equal to the number of
processors. Tables VIII(a) and VIII(b) show the RB model and
simulation estimates of mean cycle time and bus utilization for
the Bicon and GE program parameters. Results are shown for
up to 32 processors, which is the maximum configuration of
an S-81 system. Note that since we could not measure the
input parameter values greater than 18 processors, we use the
input parameter values for 18 (or 16) processors to produce the
results for the larger configurations in the case of the Bicon
(or GE) program.

The results in Table VIII show that the RB model agrees
well with the simulation results for the two programs. Discrep-

4Our understanding of the bus design comes from reading the bus circuit
diagrams and from extensive discussions with system designers when our
model was initially developed.

ancies are rarely and only marginally above 2%, Note that at 32
processors the bus utilization is close to 1 for both programs.

3) Validation of the Model Approximations for Re-
sponse-Ordering: Recall that in both the FB and RB models,
we approximately model the in-order delivery of responses to
read requests on the bus, by analyzing the timing specifications
for the S-81 system in which the remote cache read latency,
tca, iS approximately several times the memory read latency,
tmem,#. To evaluate how the model might perform for other
ratios of t., and tmem,», wWe have compared the response-
blocking model, in which out of order responses may occur
more frequently, with simulation results for hypothetical cache
latency values from te.o = tmem# 10 7.5 X tmem . For this
range cache read latency values, the RB model estimates are
within 7% of the simulation results.

VI. EVALUATING SYSTEM DESIGN TRADEOFFS

In this section, we illustrate the use of the FB and RB models
for exploring system design issues and tradeoffs.

The timing specification for the S-81 system bus and
memory, and the response priority bus scheduling are care-
fully designed so that if all bus read requests access the
shared memory, responses will almost always return before
the bounds on read and write requests are exceeded. The
blocking of processor requests, as stated previously, occurs
primarily due to the relatively long remote cache read latency.
Furthermore, the response ordering requirement implies that
memory response that would otherwise return quickly are
delayed and further aggravate the processor blocking problem.

To evaluate the relative impact of the cache latencies and
the outstanding request bounds on system performance, we
compare the results of the FB and RB models for two cache
latency values. We compare predicted mean cycle time in
four cases: 1) full-blocking and S-81 t.,, (FB,tcq), 2) full-
blocking and reduced ¢.,, (FB,t.,/2), 3) response-blocking
and S-81 tcq, (RB,tc,), 4) response-blocking and reduced
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TABLE VIII
RESPONSE-BLOCKING MODEL VALIDATION RESULTS. (a) Bicon. (b) GE
N Mean Cycle Time (R) Bus Utilization (Up,5)
RB model sim %(RB-sim) RB model sim %(RB-sim)
2 93.28 94.14 -0.9 0.075 0.074 1.6
5 71.57 78.54 -1.0 0.229 0.226 1.4
10 65.45 66.51 —1.1 0.523 0.518 0.9
15 66.96 68.22 -13 0.757 0.742 2.1
18 66.77 67.04 -03 0.881 0.876 0.6
24 81.16 79.42 -22 0.966 0.987 2.1
32 106.21 104.66 +15 0.985 0.999 —-15
(a)
Mean Cycle Time (R) Bus Utilization (Ups)
N RB model sim %(RB-sim) v sim %(RB-sim)
2 89.10 90.28 -13 0.087 0.086 1.2
5 82.16 82.81 -08 0.188 0.186 1.1
8 86.33 87.71 —-16 0.358 0.352 17
12 96.23 98.20 -2.0 0.482 0.472 21
16 92.10 93.21 -1.2 0.583 0.574 1.6
24 97.20 97.71 0.5 0.829 0.822 0.7
32 111.62 109.85 +1.6 0.962 0.973 —1.1
®)
tea, (RB,tcq/2). It is obvious that the best case will be
the response-blocking system with reduced ., (RB,tca/2), 94 geenee eegomonen
whereas the worst case will be system with blocking due ] ;
to limits on the number of outstanding requests and the S- C
81 value of t., (FB,t.). However, the relative impact of %'2'2'
varying each of the two parameters alone is difficult to predict. é
We view the particular parameter values for cache read latency T20 -‘-5‘*112-----
and outstanding request limits in these experiments as values m
that bound an interesting design space. © 184--
To compare the four systems outlined above, we define a H
baseline mean cycle time, and compute the ratio of the system H
mean cycle time to the baseline cycle time. We call this ratio : L N R S Sy A
the cycle time expansion factor. The baseline mean cycle is o
defined to be the sum of the mean inter-request time, mean bus "ad
access time over all requests, and the mean remote memory i
or cache access time, assuming a remote cache read latency %12_ _____
of t.,/2. Since this baseline mean cycle time does not include P :
any queueing or blocking of requests, the expansion factors i
will quantify how mean cycle time is inflated due to queueing, 10 > 6 1:0 18

blocking and the increases in remote cache read latency. Figs.
3 and 4 show the expansion factors for the Bicon and GE
programs respectively.

Three observations can be made about the results in Fig. 3.
First, the mean cycle time expansion factor for the (F B, tcq)
system is at most 20% greater than the expansion factor for the
best case (RB,t.,/2) system. Second, of the two options for
improving the performance of the (F'B, t.,) system, removing
the bounds on the outstanding bus requests appears to be more
beneficial. Finally, the 50% reduction in remote cache read la-
tency has little impact on the response-blocking system. Since
fea is low for the Bicon program, and since the system has no
bounds on outstanding memory requests, memory queueing

Fig. 3. Cycle time expansion factor for Bicon.

time dominates. In the full-blocking case, the reduction in
remote cache read latency has a small but measurable impact
on system performance because the opportunity for processor
requests to block is reduced.

Fig. 4 shows that there are greater opportunities for improv-
ing the performance of the (FB,t.) system under the GE
workload. Reducing the remote cache read latency by 50%
and eliminating the bounds on outstanding processor requests
appear to have similar potential for performance improvement.
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Fig. 4. Cycle time expansion factor for GE.

As in Fig. 3, the reduction in remote cache read latency
results in little additional performance gain after bounds on
the outstanding requests have been removed.

Considering the results of both Figs. 3 and 4, it appears
that increasing the bounds on outstanding bus request has
the potential greater benefit than reducing remote cache read
latency.

VII. CONCLUSION

We have developed an efficient model to analyze the perfor-
mance of the Sequent S-81 system bus design. The complex
behavior of the S-81 bus included in the model distinguishes it
from previous models of memory and bus interference in the
literature. Furthermore, the upper bounds on the number of
outstanding bus read and write requests, and the requirement
for in-order delivery of responses to read requests, required
new approximations in the analysis.

The performance estimates from the complete model were
compared with measurements of an actual 20-processor system
for two parallel program workloads with different memory ac-
cess behavior. This also distinguishes this work from previous
work which has used only simulation to validate the analytic
models. Model estimates proved to be quite accurate (less than
9% error in all cases). Estimates from a model that ignores the
bounds on outstanding requests were found to be less accurate
in predicting measured system performance, indicating that it
is important to model the bounds on the number of outstanding
bus requests. Since performance estimates produced by a
detailed bus simulator agreed more closely with our analytic
model estimates than with measured system performance,
we hypothesized that the small inaccuracy in the analytical
model is due to a lack of knowledge of details of the
S-81 implementation rather than to error in the analytical
approximations.

The results in this paper provide evidence that complex
system behavior can be accurately modeled using analytic
queueing network solution techniques. In Section VI we
illustrated the use of the models for assessing system design
tradeoffs. The model can equally well be used to assess
the sensitivity of system performance to workload parameter
values. We believe that these techniques can be used during
actual system design to facilitate rapid exploration of the
design space. Workload parameter estimation is a difficult
problem, as is choosing “representative” simulation workloads.
One possible approach when designing a new system is to
use measurement of a similar system, or a simulation model
of the planned system, to determine approximate parameter
values for a few real workloads, and then to use the analytical
model to quickly and easily explore the impact of varying
these parameter values.

APPENDIX

A. Additional Notation

A request in this submodel is distinguished by a chain
identifier and a class identifier. The notation for chains and
classes, and the parameters used in this model not given for
the nonblocking model are given below.

Chains and Classes

* ¢ € {iv,rw,r} denotes the chain that a request belongs
to.

+ N is the vector representing the population of each chain
in the subsystem, N = (Tivs Ty o).

+ (N - &,) denotes a subsystem population with one few
customer in chain c.

* N, denotes the maximum population of chain ¢. n,
denotes a feasible population in chain c.

* Ns =3 _n. denotes the total population in the memory
and bus subsystem, Ng < 3. N..

* j € {iv,7w,r, cacherp,memrp} denotes the request
class at the bus. The subscript (c, j) represents a class
7 request in chain c.

* k € {f,w} denotes the request class at memory, and
subscript (¢, k) represents a class k request in chain c.

Note: the subscript j (or k) alone denotes to all class j requests
(or class k requests) in all chains.
Model parameters

-

* Rc(N) denotes the mean cycle time in the subsystem for
chain ¢, when the subsystem population is N. This time
does not include the processor execution time.

. Dmemy(c,,)(]\_f ) denotes the mean delay of a memory read
in chain ¢ € {r,rw}.

. Wbus,(c,j)(ﬁ) denotes the mean bus waiting time for a
class j request in chain c.

* Wiem,o(IN) denotes the mean memory waiting time for
job in chain ¢ € {r,rw}.

* Ny timit and Ny ;imi¢ are the upper bounds on the number
of outstanding write and read requests, respectively.
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B. The Full-Blocking MVA Equations

Initial Values

Qbus,j(ﬁ) =0, Ubus’j(ﬁ) =0, i € {iv, rw, 1, cacherp, memrp}
Qumem,(5,7)(0) = 0, Upnerm (i,r)(0) = 0, i € {rw,r}
Qmem,(rw,w)(0) = 0, Unem, (rw,uy (0) = 0

Apus,memrp(0) = 0, Apus cacherp(0) = 0, Qca(T) = 0.

Recursive Solution
For Ns =11t % N, do
For each state N = (Nivy Npw, ny) Where - 1 = N, nry < N timits e < Ny timiz 40
For each chain ¢ = iv,rw,r do
Bus waiting times:

Wbus,(c,c)(ﬁ) = max 107 Z {[Qbus.j(]\_j - é.c) - Ubus,j(ﬁ - é‘c) X tbus,j

j=t,rw,r,memrp,cacherp

+ Ubus‘j(ﬁ - é‘c) X tbus‘j/z}/{l - [Ubus,memrp(]\7 - é::) + Ubus,cacherp(ﬁ - é::)}) (SB)

Wbus,(c,memrp) (N) = Pca,c(ﬁ) X (Wbus,(c,cacherp)(ﬁ) + tbus,rp)
+ (1 = Pego(N) X > Upus (N = €2) X thus /2 (6B)

j=iv,rw,r,memrp,cacherp

where Py o(N) = min(Qeq (N — €.),1.0) (9B)

Wbus,(c,cacherp)(ﬁ) = Z Ubus,j(]\7 - gc) X tbus,j/2- (7A)

j=iv,rw,r,memrp,cacherp

Memory delay and waiting time:

Wmem,c(ﬁ) = Z Z{[Qmem,(i,k)(ﬁ - gc) - Umem,(i,k)(ﬁ - gc)} X S:nem7(i,k)(N)
ki
+ Unem, i) (N = 2) X Stpemn 10y (N)/2}/

1+ Pca,c(N) X Z [Qmem,(l,ﬁ)(ﬁ - é“c) - Umem,(l,i‘) (]\7 - éc)/2] (11B)

l=r,rw

where (k,7) = (#,7),(#,rw), and (&, rw) and

/ N Pca. C(N) X (tca/2) + (1 - Pca. c(ﬁ)) X tmem,'F + Wbus,(i,mem‘r‘p) (N) k= 7A‘7 t=rrw
S ey (V) = ’ ’ T
mem,(i,k) tmem,ti) k= w,1 = rw
Dmem,(c,ﬁ)(ﬁ) = Pca,c(ﬁ) X (tca/2 + Wbus,(c,cacherp)(ﬁ) + tbu,s,rp)
+ (]- - Pca,c(N)) X Wmem,c(ﬁ) + tmem,i‘ Z UbUS,]'(N - EC) X tbusyj/2 (SB)

J

End(for each chain)
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Cycle time for each chain,

RW(N) = Wbus,(iv,iv)(ﬁ) + tbus,iv (ZB)

RC(N) = Wbus,(c,c)(ﬁ) + tbus,i‘ + fca X [tca + Wbus,(c,cacherp)(ﬁ)]

Throughputs, utilizations and queue lengths,

Apus,o(N) = no/Ro(N)

Abus,cacherp(ﬁ) - fca X [Abus,r (N) + Abus,rw (]\7)}
Abus,memrp(N) = (1 - fca) X [Abus,r(ﬁ) + Abus,rw(ﬁ)]

Ubus,j(ﬁ) = Aj X tbus,j
Ubus(ﬁ) = Z

J=tv,rw,r,memrp,cacherp

Qbus,j(N) = Abus,c(ﬁ) X [tbus,c + Wbus,(c,c) (N)]7

Umem,(rw,u‘z)(ﬁ) = Abus,rm(ﬁ) X tmem,ﬁ:/2

Qca(ﬁ) = Abus,cacharp(ﬁ) X tea

+ (1 - fca) X Dmem,(c,f‘)(ﬁ) + tbus,rep, ce{rw,r} (3B)&(4B)
c € {iv,rw,r} (12B)
(14B)
(15B)
(16B)

Ubus,j
j € {iv,rw,r} (17B-1)
Qbus,carp(ﬁ) = fca. X Z [Abus,c(ﬁ) X (tbus,'rp + Wbus,(c,cacherp) (1\7))] (17B'2)

e=rw,r

Qbus,memrp(ﬁ) = (1 - fcu,) X Z [Abus,c(ﬁ) X (tbus,'rp + Wbus,(c,memrp)(ﬁ))] (17B'3)
Umem(c,i‘(ﬁ) - (1 - fca) X [Abus,c(ﬁ) X S’mem,(c,f“‘)(ﬁ)]/2 (lSB)
(19B)
Qmem,(cj) (]V) = (]- - fca) X [Abus,c(ﬁ) X Smem,(c,f)(ﬁ) + Wmem,c(ﬁ)]/2 (ZOB)
Qmem,(rw,m)(N) = Abus,rw(ﬁ) X [tmem,u? + Wmem,rw(ﬁ)]/2 (21B)
(22B

End(for each state)
End(for each Ng)
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