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Abstract: This paper presents a scalable barrier architecture for fast synchronization of concur-
rent processes on large-scale, cluster-structured multiprocessor systems. The barrier architecture is
distributed and hardwired to minimize network traffic generated and to provide low latency release
of waiting processes. The barrier architecture is hierarchically constructed to provide scalability.
It scales to support a shared-memory system of hundreds or even thousands of processors with a
latency growing only logarithmically. The hardwired barrier is at least 1,000 times faster than a cen-
tralized software barrier scheme for a multiprocessor system with more than 500 processors. A set of
barrier synchronization primitives is developed to use the proposed barrier architecture effectively.
The architecture supports any partially-ordered set of barriers or fuzzy barriers with synchroniza-
tion points expanded to regions. We demonstrate how to perform fast synchronization in Doall
or Doacross loop execution using the hardwired barriers. Performance analysis shows appreciable
speedups of hardwired barriers over memory-based barriers. The versatility, scalability, and low syn-
chronization overhead make the barrier architecture especially attractive for supporting fine-grain

parallelism in future massively parallel processors (MPPs).
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1 Introduction

Barriers have been widely used for synchronizing concurrent processes in parallel processing.
The concurrent execution of loop iterations is a good example. Barriers can be implemented in shared
variables in memory, combining networks, coherent caches, and dedicated hardware. The software
approach implements barriers with simple atomic lock/unlock instructions. The linear barrier, tree
barrier, and butterfly barrier schemes [2, 3, 9, 25, 28] belong to this approach. The linear scheme
uses a centralized barrier, while the others adopt distributed barriers. The difficulty of using a
centralized barrier is that it may create a hot spot problem which will degrade system performance.
Mellor-Crummey and Scott [16] have evaluated those barrier synchronization algorithms, requiring

no special hardware support beyond the use of atomic memory operations.

The combining network approach utilizes special hardware to support simultaneous accesses to
the same memory location. Hardware cost may increase sharply in using a combining network. For
the coherent cache approach, lock mechanisms are implemented within cache controllers. Goodman,
Vernon, and Woest [8] proposed a set of efficient primitives for process synchronization in large-scale
shared-memory multiprocessors. Similar lock-based snoopy cache protocol scheme was proposed for

bus-based systems [14].

The Flow Model Processor (FMP) [15] was equipped with AND hardware for barrier synchro-
nization. The Sequent Balance system uses special chips to support synchronization [4]. Using
these chips, messages are broadcast through an exclusive bus, which may limit scalability. The PAX
computer [11] uses a global synchronization hardware providing low-latency barrier synchronization.
The method by O’Keefe and Dietz [19, 20] works in situations that barrier patterns are predicted
at compile time. The scheme proposed by Beckmann and Polychronopoulos [5] uses a hybrid of

distributed and centralized design.

A fast, flexible, inexpensive, and scalable barrier synchronization architecture is very much in
demand for multiprogrammed, large-scale, shared-memory multiprocessors. We focus on designing
a barrier architecture resulting in a minimum amount of traffic, while processes are waiting, and
with low latency release of waiting processes. This paper is organized as follows. Section 2 describes
the barrier synchronization architecture and hierarchical expansion schemes. Section 3 assesses the
hardwired barrier advantages. Section 4 specifies primitives to use the barrier hardware. Section 5
implements partially-ordered barriers supported by the hardwired scheme. Fuzzy barrier is imple-
mented in Section 6. Sections 7 and 8 present how to use the proposed synchronization architecture

for parallel execution of Doall and Doacross loops. Sections 9 and 10 analyze the times needed to



execute the Doall or Doacross loops. Finally, we summarize the research contributions and discuss

needed further work.

2 Hierarchical Barrier Architecture

A scalable multiprocessor is often constructed from many multiprocessor clusters. The size of
a multiprocessor cluster is limited by packaging technologies. The interconnection network used can
be a backplane bus, a mesh network, a crossbar, or a multistage network. The shared memory can
be either centralized or distributed. The proposed barrier mechanism is architecture-independent, as
long as a shared memory paradigm is adopted. This is illustrated in Fig. 1, where the shared memory
can be either centralized or distributed. The synchronization bus is hardwired on the backplane bus

or using special cables. This extra hardware can be hierarchically constructed with one or more

levels.
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(a) Centralized shared memory (b) Distributed shared memory

Figure 1: Multiprocessor systems using hardwired synchronization buses. (P: processor, M: memory)

A barrier bus for each multiprocessor cluster is shown in Fig. 2(a). The architecture is extended
for multiple multiprocessor clusters in Fig. 2(b). We use m wires across n processors for hardwired
barrier synchronization. A wired-NOR, pull-down synchronization bus design was first proposed by
the coauthors in [12]. The broadcast capability of this design reduces the hardware complexity. Each
processor ¢, where 1 < ¢ < n, uses a control vector X; = (X;1,Xi2, -+, Xim) and a monitor vector
Yi = (Yia,Yi2, -+, Yim) for synchronization control. These vectors are mapped into the shared
memory. Thus, they are program accessible from each processor. The control vectors can be read
and written, but the monitor vectors are read only. Using distributed control, this scheme requires

no network transactions, while processes are waiting for synchronization.

Each control vector X; represents the location of a set/reset circuit, which affects voltage levels
on the barrier wires. Each X ; bit is the input to an NPN bipolar transistor attached to wire j. The

monitor vector Y; represents the location of a probing circuit for sensoring the voltages on all wires;



i.e. the ¥;; bit checks the output of the transistor tied to the j** wire. Each wire is wired-NOR to

n bipolar transistors, which are tied to n probing circuits.
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Figure 2: The hierarchical barrier architecture for scalable multiprocessors.

Consider a particular wire 7. When any X;; (1 < ¢ < n) bit is high, the transistor is closed
and it pulls down the current. The voltage level of wire j becomes low. When all X;; bits become
low, all transistors connected to barrier wire j become open. Thus, the voltage level of barrier wire
J becomes high. It is this pull-down bus that enables fast barrier synchronization. Through a circuit
analysis [12], we have shown that the hardware responds in a few processor cycles, depending on

how many processors are wired together. In [12], we have proved that a single-level barrier bus can



respond in 46 ns for a 20-processor cluster, or in 540 ns for a 525-processor configuration.

Figure 2(b) shows a two-level barrier bus architecture that connecting the wires from two mul-
tiprocessor clusters, say A and B. The hardwired controller on the repeater board monitors the
voltage changes of all wires on both clusters through monitor vectors Y4 and Yg. The repeater
board takes appropriate actions through control vectors X4 and Xp to maintain the consistency of
voltage levels from both sides. Due to small capacitance in the repeater connects, the scalability of
the bus hierarchy is assured. Since the delay on each repeater board is only a few processor cycles,
the synchronization overhead grows only logarithmically with respect to the number of levels in the
hierarchy. A two-level of barrier buses can synchronize 256 processors in 200 ns. A three-level scheme

can support up to 4,096 processors in 300 ns.

3 Advantages of Hardwired Barriers

An analytical timing model is presented below to assess the performance of hardwired barriers.
Each process consists of an indefinitely long sequence of subtasks separated by barriers, and each
process is executed by a separate processor. Assume that the execution times T; (i = 1,2,---,p)
of subtasks are independent and identically distributed (i.i.d.) random numbers with a mean g and
a variance 2. The variation of execution times is caused by memory conflicts, different processor
speeds, different cache hit ratios, etc. Consider first the execution time of the p subtasks without
barrier overhead. Let 7' denote the time at which the last processor completes its work. Thus,
T = Max(T1, T2, -+, Ty). The expectation of 7', denoted E(T"), was approximated by: p+o+/2logp,

according to Kruskal and Weiss [13].

Next consider the barrier overhead ¢;. Let ¢; and ¢, be the execution times of a program by one
and p processors, respectively. Clearly the value of ¢; is pu. The value of ¢, is approximated as E(T")
+1p, assuming that variation of execution times o and barrier overhead t, are mutually independent.
The value of ¢, can be treated mainly as the release latency of all p processors when the barrier is
reached. However, for certain implementations, ¢, may decrease as ¢ increases. For simplicity, this

effect is ignored in the timing model.
The speedup S, is defined as the ratio of #; to t,.

5, = L~ po - . (1)
P, - i+ o 2logp 41y, 14 a/2logp+b

where a = = and b = %f The parameter a is called coefficient of variation. For positive random

variables such as 7} (1 < 7 < p), a is likely a constant. The second term a+/2logp of the denominator



represents performance degradation due to the variation of process execution times. And the last

term b represents performance degradation due to the ratio of the barrier overhead to the subtask

granularity.

The resulting speedup curves for various machine sizes are shown in Fig. 3 for different values
of @ and b. When @ = b = 0, an ideal linear speedup curve is observed. As a equals 0.1, the speedup
degrades. That means, it is essential to distribute workload evenly among all processors in SPMD
programs in order to keep a small. To maintain at least 90% of the maximum achievable speedups for
different values of a, the value of 1 should be kept within 10% the value of p. For applications with

fine-grain parallelisms (p is quite small), a fast barrier synchronization mechanism is thus strongly

demanded.
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Figure 3: The speedup curves of parallel execution of multiple subtasks with different time spans.

The wired-NOR synchronization hardware is compared with the centralized barrier scheme.
The time for synchronizing p processors with centralized barriers is estimated first. The fest-and-set
atomic instruction is used, and each processor synchronizes by acquiring a lock, updating a barrier

variable, releasing a lock, and polling that variable until the barrier is crossed.

Suppose ter is the time to acquire and release a lock, and t, is the access time to read



a barrier counter in shared memory. Assume p processors reach the barrier at the same time.
The time to cross the barrier using the centralized barrier scheme is thus estimated as Tsw =
Pliock + Plmem + B(I’—z,“—llt,,lc,,l = pliock + ﬂ(pg—ﬂltmem. The first term corresponds to the time for p
processors to enter the critical section, modify the counter, and leave the critical section; the second
term is the time for p processors to read the barrier variable; the last term represents the time
in polling the variable by all processors. The values of ¢j,cr and e for a 20-processor Sequent

Symmetry multiprocessor are 5.6 pus and 100 ns [1, 22] respectively. Thus the centralized barrier

scheme requires a time of 134 pus.
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Figure 4: Synchronization time using the wired-NOR barrier compared with the centralized test-
and-set synchronization through the shared memory.

Using the wired-NOR hardware mechanism for barrier synchronization takes 5.6 us for a pro-
cessor to update its local control vector and one memory cycle, i.e. about 100 ns, to read its local
monitor vector. As a result, the time T}, for a processor to complete a barrier synchronization is

about 5.7 us. After the control vectors are reset, the hardware mechanism responds within 46 ns.

The time for the atomic lock instruction to update a processor’s local control vector may be
reduced to a memory access time if the system allows only a processor to update its local control

vector. Then, it only takes about 200 ns to complete a barrier because no arbitration is needed. The



above analysis concludes for a 20-processor multiprocessor system the wired-NOR barrier hardware
mechanism is at least 30 times faster than that of the centralized barrier scheme using test-and-set

atomic instructions.

The time difference between the centralized barrier scheme and the wired-NOR barrier mech-
anism will be even greater as the number of processors increases. Figure 4(a) shows the two plots
of the times, Tsw and Ty, as the number of the processors, p, ranging from 2 to 525. For a large
multiprocessor, say p > 500, the hardwired synchronization is at least one thousand times faster than
the centralized barrier scheme. Figure 4(b) illustrates a blowup of the hardwired synchronization
time T}y,. The quantum jumps at p = 67,171,275,379, and 483, are due to the additional 100 ns

delay caused by capacitance loading effect.

4 Barrier Synchronization Primitives

Consider a multiprocessor using a modified run-to-completion static scheduling [29]. Each
process once initiated continues execution uninterruptedly until completion. Process migration is
disallowed. When more than one process is allocated to a processor, the processor is time-shared
in a round-robin fashion. In case of multithreaded processors, the time-sharing of processors by

multiple processes (contexts or threads) is realized by hardware.

Table 1 summarizes all the synchronization primitives we have developed to use the hardwired
barriers. The first column are the primitive names. The second column list the functions performed.

The third column specify the hardware and software supports needed.

Table 1: Summary of Primitives using Hardwired Barriers.

Primitive Function Remark

fork create child processes synchronization wires allocated

join synchronize and destroy child processes used by child processes only

sync deallocate wires and rendezvous allocated used by parent processes only
inil_rendez initialize a rendezvous used by parent processes before forking
waif_rendez | synchronize at a rendezvous and reinitialize it | used by child processes only

enlry check in a barrier region update control vectors

exit check out a barrier region read monitor vectors

rendez_entry | check in for a rendezvous synchronization update control vectors

rendez_exil synchronize at a rendezvous read monitor vectors

(Note: Details of these primitives are specified in pseudo codes in Shang’s Ph.D. Thesis [23].)



Specify below in a C-like language?® the syntax of fork-join construct, supported by the synchro-

nization hardware:

fork(func[(argl, arg2,- - -)], nproc);
void (#func)();
unsigned int nproc;

inil_rendez(bp, func, nproc);
rendez #bp;
void (#func)();
unsigned int nproc;

join(); wail_rendez(bp);

syne(); rendez #bp;

Multiple child processes are created by the fork primitive. The number of processes created, nproc,
is determined either statically at compile time or dynamically at run time. The code needs not be
duplicated for each child process; instead it is shared by all child processes. The join prinﬁtive causes
all child processes to spin till all of them have arrived at the barrier. The sync primitive causes the
parent process to spin till all of its child processes finish their task, and then deallocate the resources
used by them. The parent process may perform other computations concurrently with the execution

of its child processes.

To support repeated barrier synchronizations within the bodies of the child processes, the
init_rendez and wail_rendez primitives are introduced. These two primitives must be used along
with the fork, join, and syne primitives. The type specifier rendez, is used to declare rendezvous
points. The inif_rendez primitive initializes a rendezvous for the child processes. The wail_rendez
primitive put the child processes in a busy-waiting state till all of them have arrived at the ren-
dezvous. Then all the child processes stop spinning and resume execution. A rendezvous can be used
many times by forked child processes. Results are not defined if the rendezvous was not previously
initialized.

Figure 5(a) shows the program flow graph for the fork, join, and sync primitives when [ child
processes are forked out concurrently with the parent process. The branch f; denotes the task
executed by child process ¢ (1 < ¢ € 1), and T denotes the task executed by the parent process. The

child processes are terminated at the joining point specified by the join primitive.

A joining point is different from a rendezvous though they are all called barriers. The former
allows the child processes to synchronize only once, while the latter allows them to synchronize
many times. Figure 5(b) illustrates a program flow graph using the init_rendez and wail_rendez

along with the fork, join, and sync primitives when [ child processes are created by a parent process.

2The type specifier void is used to declare functions that does not return values. The operation v takes the value
of v to be a memory location and returns the value stored in this location.



init_rendez(bp, f, 1)
Jork(f, I);

wa.ilvrcndv:'z(bp); wnil_fendc'z(hp); <+« wait_rendez(bp);  wait_rendez(bp);
H : S = "I‘

i wnil_rmdéz(bp): wail_i’cndcz(hp); wail_n:ndéz(bp): Wﬂi[__l.:v.‘ﬂdt:l(bp);

Join(); Join();
v
syne(); sync();
(a) Fork and Join (b) Repeated barrier synchronizations

Figure 5: Program flow graphs using fork, join, sync, init_rendez, and wait_rendez primitives.

The subtasks executed by child process 7 are denoted by f/ and {7, the task executed by the parent
process is denoted by T. The rendezvous bp can be used many times by the forked child processes.
The fork and sync primitives support data partitioning by distributing different data segments to
forked child processes. Passing different argument values to child processes will enable them to

execute different code segments, the fork and sync primitives support function partitioning as well.

To ensure the correct accesses of shared variables required in the primitives, atomic instructions
are needed. One possible atomic implementation is that they can be embedded in the underlying
cache coherence protocol [9]. A write operation in cache obtaining the ownership of a particular cache
block is equivalent to having exclusive access of the data block. Another possible implementation

uses system hardware locks.

After forking out the child processes, the fork primitive allocates processors and synchronization
wires, initializes the data to be used by each child process for synchronization purpose, and sets the
corresponding bits in the control vectors. When a child process finishes its tasks and starts to execute
the join primitive, it resets a bit in the control vector to 0 and then starts to probe that bit via the

monitor vector. When all child processes reach the barrier, they read a value of 1 from the bit, stop

10



probing the bit, and reset a bit in the control vector to indicate the barrier completion. When the
parent process executes the sync primitive, it waits until the barrier completion wire is reset. Then

the parent process deallocates all the the synchronization wires used.

To support repeated barrier synchronization, the init_rendez primitive allocates additional wires
for each rendezvous points, initializes the values in several variables to be used by the forked child
processes for synchronization purpose, and sets the corresponding bits in the control vectors. The
subtlety in supporting repeated barrier synchronization is that two passes are needed to avoid a

racing problem in updating and reinitializing control vectors. Two sets of synchronization wires are

allocated and each is used for one pass.

When a child process executes the wail_rendez primitive, it first gets the pass number, reini-
tializes the control vector for the next rendezvous, resets a bit in the control vector to 0; and starts
to probe that bit via the monitor vector. When all child processes reach the rendezvous, they stop
probing and update the pass number for the next rendezvous. When the number of processes is
much greater than the number of available processors, additional wires are required for each active

joining point. However, child processes assigned to the same processor share the same set of wires.

5 Partially-Ordered Barriers

This section shows how to use the wired-NOR synchronization hardware to implement a
partially-ordered set of barriers involving different process subsets. The mechanism can also support
dynamic barriers, as described by O’Keefe and Dietz in [19], where the barrier patterns are predicted

at compile time with no process preemption.

Partially-ordered sets are used to represent relations among concurrent barriers. Let a binary
relation < on a set of barriers B be a subset of the Cartesian product B%. The binary relation < is a
partial ordering because it is both irreflexive?® and transitive®. The same notation used by O’Keefe
and Dietz [19] is adopted to represent the barrier synchronization of five concurrent processes. As
shown in Fig. 6(a), the vertical lines represent the execution time, while the horizontal lines represent
the barriers. For example, processes Py, Py, Py, P4, and Ps can not proceed barrier 1 till all of them
have arrived there; processes P; and P, can not proceed barrier 2 till both have arrived there;

processes Py and Ps can not proceed barrier 3 till both have arrived there, ete.

From Fig. 6(a), the set of barriers B is {1,2, 3,4,5}. The following binary relations are observed:

*A binary relation < on B is irreflexive if z < = does not exit for every z in B.
4 A binary relation < on B is transitive if < y and y < z = = < z for all z, y, and z in B.

11
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Figure G: Partial-ordered barriers.

1<2,2<4,1<4,1<3,and 3 < 5. The partially-ordered set can be illustrated by a precedence
graph (Fig. 6(b)), with the nodes representing the barriers and the arrows representing the ordering
relations among them. Described below is an example showing the steps of using the synchronization
wires to implement a sequence of five barriers shown in Fig. 6. Five barriers demand to use five

synchronization wires, labelled as 1 through 5.

Step 1 initializes the barrier patterns. The corresponding bits in the local control vector for the
barriers participated by each process are all set to 1. For instance, for process Py, bits Xy 1, X1 2,
and X; 4 are set to 1; for process P, bits X9, X9, and Xy 4 are set to 1; for process Ps, bits
X34 and X34 are set to 1, etc. Processes 1 through 5 are dispatched to processors 1 through 5 for

execution, respectively. After the barrier patterns are loaded, the processes start to execute.

Step 1: Initializing the barrier patterms (use 5 synchronization wires)

Processor 1  Processor 2 Processor 3 Processor 4 Processor 5
1 1 1 1 1
X[A[[o[io] [ifxfo[1fo] [xfofo[1o] [1[o[[o[1] [x[o[t[o[1]

v{olo[olofo]  [ofo[ofo[o]  {olo[ofo[o] {olofofojo] [o]o[ofofo]

Process 1 Process 2 Process 3 Process 4 Process 5

When a process, say ¢, arrives at barrier 1, it resets bit X;; in its local control vector, then

starts to read bit Y;; in the local monitor vector. The process does not stop reading the bit until

12



Y;1 becomes 1. When all five processes reach barrier 1, the voltage level on wire 1 becomes high.

Step 2: Synchronization at Barrier 1

[of1]o[z[o] [ofx[o[1[o] [o[o[o[i]o] [ofo[1[o[1] [ofo[t[o[1]
[1]o[ofofo]  [1]o[o[ofo] [1[o[ofofo] [t[o[o[o[0] [i[o[o[olo]

Process 1 Process 2 Process 3 Process 4 Process 5

Steps 3 and 4 illustrate the synchronizations at barriers 2 and 3, respectively. We have assumed
that Step 3 occurs before Step 4, but the synchronization of processes 1 and 2 is, in fact, independent
of the synchronization of processes 4 and 5. The synchronization hardware can support the the
synchronization of barriers 2 and 3 simultaneously.

Step 3: Synchronization at Barrier 2
o[ofo[1]o]  [ofofo[1]o] [ofo[o[1]cf [oo[1[o]1] [o[o[1[o]1]

([1olofo]  [a]z]ofofo] [1[1]ofo[o] [1t[o[o]o] [1]z[oJofo
Process 1 Process 2 Process 3 Process 4 Process 5

Step 4: Synchronization at Barrier 3
[oo[o[1]o]  [o[o[o[1]o]  [ofo[o[1[o] [oo[o[o[1] [ofo[o[o]1]
(1[1[rfofo] [1[1]1]olo] [x[z[x[o[o] [1[1[1fofo] ([z]1[t[olo]
Process 1 Process 2 Process 3 Process 4 Process 5

Steps 5 and 6 show the synchronization at barriers 4 and 5, respectively. Again, both steps can

occur concurrently.

Step 5: Synchronization at Barrier 4
lofolofolo]  [olo[o[olo] [o[o[oloo] [ofofofo[1]  [o[o[o[o[1]
[Niafo]  [hfafafo]  [afafafafo]  [a]afafzfo] [a]a]1]i]o

Process 1 Process 2 Process 3 Process 4 Process 5

Step 6: Synchronization at Barrier 5

[o[o]o[o]o]  [o[o]o[o[o] [o[o[o[o[o] [o[ofo[o]o]  [oofolo]o
wiafafefe]  [afafafafy) [fefefafs]  [afafa]afz]  [afafa]a]a

Process 1 Process 2 Process 3 Process 4 Process 5

It may require a lot of wires for an application with hundreds of barriers. The solution to this
problem is to reuse the wires. After a barrier is crossed, the allocated wire is released and can be
used by another barrier. The allocation and initialization of synchronization wires may be done by
a compiler. The compiler inserts suitable system routines in the processes for managing of barrier

wires. As proved in [5], at most n — 1 wires are sufficient to synchronize n processors.

13



6 Fuzzy Barrier Implementation

To reduce overhead while processes are waiting for others to reach a barrier, fuzzy barrier was
suggested in [10]. Fuzzy barrier extends the barrier concept to include a region of instructions that
can be executed by a process while it awaits synchronization. Such a region of instructions is called
a barrier region. Barrier regions are constructed by a compiler. In each barrier region, the process
is ready to synchronize upon reaching the first instruction and must synchronize before exiting it.

When synchronization occurs, the processes may be executing at any point in their respective barrier

regions.

The larger the barrier regions are constructed, the more likely it is that none of the processes
will be waiting for the barrier. Previous study [10] showed that suitable program transformations
can significantly increase the sizes of barrier regions. Fuzzy barriers are used for reducing penalties
of spin-waiting. The fuzzy barrier mechanism provides tolerance to variations of process execution
speeds. A region of instructions is specified where the synchronization is to take place rather than a

specific point at which the processes must synchronize.

To illustrate the concept of a fuzzy barrier as opposed to a regular barrier, a scenario is shown
in Fig. 7, where the execution timing profiles of a parallel program with three processes are given.
As indicated in Fig. 7(a), where a regular barrier is used, processes P, P, and P3 start the barrier
synchronization at times 5, 1, and t4, respectively. Processes P; and P3; have to wait until time ¢
when process Py reaches the barrier instruction. That is, process Py sits idle from time ¢5 to time
tg, and process Pj sits idle from time t4 to time 5. Only after time {g, the processes are allowed to

continue executing the instructions I7, 13, and I3 right behind the barrier instructions.

The execution timing profile of the same program but using a fuzzy barrier is illustrated in
Fig. 7(b). The sizes of these three barrier regions may be different from one another, depending on
how compilers identify and arrange the instructions. None of the three processes has to wait for
synchronization in this case. Because for any process to exit its barrier region, the other two have
already entered their respective barrier regions. Upon exiting their barrier regions, the processes
continue executing the instructions behind the barrier without any spinning. For example, while
completing the barrier instruction, process P; continues executing instruction /7, process P, continues

executing instruction I}, ete.

Discuss next how to extend the previous defined synchronization primitives to support fuzzy
barriers. The strategy to support fuzzy barriers is to divide the functions in the join primitive

into the entry and ezit primitives: one for indicating the beginning and the other for the end of a

14



h Iy : : &2 / :
I3 f_? I3 ]2
Q¢ s = ' . Y = i : e
g 4 : bm|rter £ 1y br;r'rwr
e i - i 2 o
Is barlrur : (wait) 15 bar'rur A
(wait) : ! Y SRS
Is '\ v barrier l V4 lg : ‘barrier
I'I 1.2 f'3 . 1'2
v v
(a) a barrier with two idle processes (b) a fuzzy barrier without any idle processes

Figure 7: Execution timing profiles for a parallel program with three processes executing on three
processors. (The shaded area represents barrier regions, I; and I;, are instructions executed by
process k, the command barrier specifies a synchronization point.)

barrier region. Similarly, the wait_rendez primitive is divided into the rendez_entry and rendez_ezit
primitives. The entry/rendez_entry primitive updates a control vector to indicate the entrance of
the barrier region it guards. The ezit/rendez_exit primitive reads the monitor vector and waits till

the barrier takes place.

7 Parallelism in Doall and Doacross Loops

An important source of parallelism in numerical programs is Fortran-like Do loops. To speed
up an application program on a parallel computer, the sequential Do loops must be identified and
converted into parallel equivalents [7, 17, 21, 24]. Once parallel loops are generated, suitable syn-
chronization instructions must be inserted to map these loops onto efficient forms for execution on
the target parallel machine. The overhead of these synchronization instructions strongly affects the

time to finish executing a loop in parallel.

In loop constructs, two types of concurrent loops exist: Doall and Doacross. Doall loops do not
have any data dependence across the loop iterations. Doacross loops [6] have data dependence across
the loop iterations, i.e. an iteration of the loop may have to wait for signal from a previous iteration.
Unlike the case of Doall loops, processors that execute different iterations of a Doacross loop may

require frequent synchronization among processors themselves to ensure the correct execution order.

Data dependences [27] define a partial order on the statements of a program. We adopt the
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following symbols. A statement instance 51 of a statement S, that is contained in a loop with index
[ is defined as the instantiation of S,, when I = i. Suppose a dependence exists from Si to .5'33,', the
dependence distance is defined d = j —i. A dependence graph is a graph whose nodes are statement
instances, and whose directed arcs represent the dependence relationship. In Fig. 8(b) and Fig. 9(b)
the node at the tail of a directed arc is the dependence source (S,), and the node at the head of the

arc is the dependence sink (.5,).

This study is restricted to the case where the dependence distance is a constant, and the loops
are normalized and singly-nested and do not possess conditional branches. The reason to focus on
loops with constant distances is that they occur very frequently in numerical programs. Loops with
variable rather than constant dependence distances, loops with conditional branches, or loops with
multiple nestings are beyond the scope of this paper. Nevertheless, the methods developed here can

be extended to solve those complicated cases.
A. Synchronization Instruction Set

In any type of synchronization, at least two capabilities are needed: the ability to signal that
the action has occurred, and the ability to wait till an action has occurred. Moreover, a capability
of reusing the synchronization hardware is demanded due to the limited hardware resources. As a
consequence, a set of three synchronization instructions is proposed to utilize the synchronization

hardware.

Defined below are three synchronization instructions: set, wait, and reset. The first capability
is provided by the set instruction which signals that some event has occurred; the second capability
is provided by the wait instruction which waits until an event occurs; the third capability is provided
by the reset instruction which clears the signal of an event. The syntax and semantics of the set,
wait, and reset instructions are given below, where j represents an integer parameter, p the processor

that executes the instruction, X a control vector, and ¥ a monitor vector.

set(j):

Xpi =0;
wait(j):

while (Y, ; .EQ. 0);
reset(])):

Xpi=1;

These instructions operate on the control vectors and monitor vectors of the barrier synchro-
nization hardware. When processors use these instructions to access their local synchronization
hardware, these accesses are treated simply as local memory accesses. Note no remote accesses via

interconnection networks are generated.
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To signal an event having taken place in an iteration of a loop, the set instruction sets a certain
bit in the control vector attached to the processor that executes this iteration. The wait instruction
in an iteration, waits for an event to occur several iterations before, by waiting for a bit in the
monitor vector attached to the processor that executes this iteration. After an event is detected by
the wait instruction on a bit, the reset instruction on that bit immediately follows in order to reuse

the synchronization wire for executing another loop iteration.

Then the step of synchronizing iterations among processors becomes simply the finding of suit-
able integer functions that map iterations to the synchronization vectors. The general forms for these

functions will be given later.
B. Synchronization of Doall Loops

The Doall loop is considered as a special case of the Doacross loop with a zero dependence
distance. A commonly used scheduling strategy for Doall loops is self-scheduling [26], in which
processors themselves determine what iterations to execute next. The iterations of a Doall loop
are usually scheduled through a shared variable. Depending on what particular scheduling policy is
used, processors schedule themselves by updating the shared variable to get loop indices of one or
more iterations. Nevertheless, after all iterations are scheduled, a barrier synchronization is needed
for completion of the Doall loop. Described below is a processor self-scheduling algorithm for Doall

loops.

Algorithm 1: (for synchronizing a Doall loop)

/ J: loop index for a Doall loop with M iterations /
/ Initially J =1 /
Serial Part:
Request processors and obtain p processors: py,ps, -, Pp;
Request a synchronization wire and obtain wire £;
Activate processors to execute the loop iterations;
Parallel Part:
reset(£);
Ly: if (J <= M), get some iteration(s) and update J;
if no more iterations are left, then goto Ly;

/ the original Doall loop body /

goto Ly;

/ Processors finish their tasks and go back to get more iterations. /
Loz set(f);
wait(€);

Processors will be busy-waiting at the barrier until all of the processors complete their tasks
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and arrive at the barrier. After that, all processors can pass through. There is a serial step for
initializing the synchronization hardware before processors can proceed to execute the loop iterations.
The number of processors executing the loop is determined dynamically at run time. Note that this
loop synchronization mechanism in some way is similar to the fork-join constructs that we discussed

previously.

8 Synchronization in Doacross Loops

When synchronizing dependences using the instruction set, the set instruction is placed after the
source of the dependence to signal that the source has been executed, the wait instruction is placed
before the sink to ensure that its source has been executed, and the reset instruction immediately

follows the wait instruction and precedes the sink in order to reuse the synchronization wire.

The main advantage of this instruction set is that it allows more parallelism in loops to be
exploited. Because the execution of the set instruction in an iteration does not need to wait, it is
possible to execute the loop entirely in parallel if there is no constraint on hardware resources. The
loop iterations are pre-scheduled and are folded to p processors. That is, processor 7 will execute

loop iterations 2, i 4 2p, 1 + 3p, - -+, etc., where 1 <1 < p.

Described below is an algorithm for synchronizing Doacross loops using the synchronization

instruction set specified in previous section:

Algorithm 2: (for synchronizing a Doacross loop)

I: the index variable for the Doacross loop;
f, g, h: integer functions;
allocate p processors;
for each dependence in the loop do
allocate p + d barrier wires, where d is the dependence distance;
if wire allocation fails, stop;
insert set(f(g(/,d))) immediately after the source;
insert wait(f(h(7,d))) and reset(f(h(I,d))) immediately before the sink;
end for loop;
Where:
g(I,d)=(I+d)mod (p+d)+1
h(I,d) = I mod (p+d)+1

In Algorithm 2, functions g and & map an integer pair, <loop index, dependence distance>, to the logical
address of a synchronization wire. Function f then maps the logical address of a synchronization
wire to its physical location in the synchronization hardware. The logical address ranges from 1 to

p + d; the physical address ranges from 1 to m, where m is the total number of the synchronization

wires in the target system. Note that functions g and h are periodic so their values do not have to
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recompute for each iteration of the loop.

The mappings in function f is determined dynamically at the wire allocation time, but the
mappings in functions g and h must be provided by the algorithm. However it is possible to delay
the processor allocation from compile time by inserting the value of p dynamically at run time. As

a result, processor allocation can be more flexible.

For a Doacross loop, the data dependence is either lezical-forward or lezical-backward. In
lexical forward dependences the source of the dependence lexically precedes the sink, whereas in
lexical backward dependences the sink of the dependence lexically precedes the source. These two

cases are discussed below separately:

C. Doacross Loops with Forward Dependences

Figure 8(a) shows a do loop with a lexical-forward dependence from statement Sy to statement

S2. The dependence distance is one, and the data dependence graph is illustrated in Fig. 8(b). In this

do [ = 1, N

Si1: A(I) = B(I)+C(I)

S:lz: D(I) = A(I — 1)+ E(I) %S\O%%Ké\‘
end do $; O

(a) Original program

) Forward dependence

Processar P P Ps Py

Tume 55 h g 53
set(f(3)) set(f(4)) set(f(5)) set(f(1))
[} wait(f(2)) wait(f(3)) wait(f(4)) wait(f(5))
reset(f(2)) reset(f(3)) reset(f(4)) reset(f(5))

S1 52 S5 53

Doacross [ =1, N Z 7 4

J 53 S8 Sy 57
Sy Ally=B(I)+ O(I) set(f(2))  sel(f(3))  seb(f(4))  set(f(5))
fve;ft{((f(g Ifﬂ? d“;‘f '1’);“ 1)) wait(f(1))  wait(f(2)) wait(f(3)) wait(f(4))
reset{f(I mod 5 + 1)) reset:g(;(l)) rese‘tsg(Q)) rese.tsg?f(fi)) resegg(ti))

Sa: D(I)=A(I-1)+ E(I) - * : ?

end Doacross

(c) Annotated program

(d) Execution profile

Figure 8: Synchronizing a lexical-forward-dependence Doacross loop.

example, statement instance S} in iteration ¢ must wait for statement instance §}~' in iteration i — 1
to execute. This waiting between statement instances is enforced by inserting three instructions—set,
wait, and reset—between the source and the sink of the dependence. Assume the system allocates

four processors to this program. Then five synchronization wires are demanded. Note that function
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9(I,1) becomes (I+1) mod 5+1, and function h(/, 1) becomes I mod 5+ 1. The resulting annotated

program is shown in Fig. 8(c).
Figure 8(d) illustrates the execution profile of the program on four processors. It can be seen
that five synchronization wires are shared among different iterations. For example, processor Py will

periodically use wires f(3) and f(2), wires f(2) and [(1), wires f(1) and f(5), wires f(5) and f(4)

and wires f(4) and f(3). The indices of function f only need to be computed once.

?

D. Doacross Loops with Backward Dependences

Figure 9(a) shows a do loop with a lexical-backward dependence from statement S to statement

51. The dependence distance is two, and the data dependence graph is illustrated in Fig. 9(b). In

dolI=1, N
S1: A(I)=B(I-2)+C(I)

B P P P P.
52 : B(I) = A(I) n D(]) rocessor 1 2 3 4

Time wail(f(2)) wait(f(3)) wait(f(4)) wait(f(5))
end do reset(f(2))  reset(f(3)) | |
(a) Original program U Si St | |
53 S3 | l
(5 l l

set(f(4)) set(f(5)
t(f(1

I=sI 2 3 4 5 & - f(5))
550 O O%‘.)O wail(f(6))  wait(f(1)) reset(f(4)) reset(f(5))
SzO{.) O/O'/T ! | S:!§ Sé

l

(f(

| set,(f(6)) set(f(1))
(b) Backward dependence reset(f(6)) reset(f(1)) wait(f(2))  wait(f(3))
54 sy ! )
Doacross [ =1, N ,5‘;’1 Si‘j | j
wait(f(I mod 6 + 1)) set(f(2))  set(f(3)) | |
reset(f(/ mod 6 + 1)) wait(f(4))  wait(f(5)) reset(f(2)) reset(f(3))
Sy A(I) = B(I)+C() | | 51 St
Sy : D(f):A(I—l)-l-E([) | | 5‘; 5’
set(f(({ +2) mod 6 + 1)) . .
end Doacross :
(c) Annotated program (d) Execution profile

Figure 9: Synchronizing a lexical-backward-dependence Doacross loop.

this example, statement instance Sj in iteration i must wait for statement instance S3~2 to execute.
Similar to the previous example, this waiting between statement instances is enforced by inserting
three synchronization instructions in the loop body. Assume the system also allocates four processors
to this program. Then six synchronization wires are demanded. Note that function g(7,2) becomes
(I +2)mod 6 + 1, and function h(I,2) becomes I mod 6 4+ 1. The resulting annotated program is
shown in Fig. 9(c).

Figure 9(d) illustrates the execution profile of the program on four processors. It can be seen
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that six synchronization wires are shared among different iterations. Processors P; and P; share
wires f(2), f(4), and f(6); processors P, and Py share wires f(1), f(3), and f(5). The indices of
function f only need to be computed once. Compared to the lexical-forward dependence loop in the
previous example, some loop iterations in this example are delayed for execution. This is due to the

data dependence constraint within the loop body, not constrained by the underlying hardware.

9 Performance of Doacross Loops

This section analyzes the effect of synchronization overheads to the execution times of Doacross
loops. Doacross loops are the focus because they usually require frequent data synchronization and
thus demand more attention than Doall loops. It is also important to identify the circumstances

under which parallelizing Doacross loops is most beneficial.

To simplify the analyses, suppose p processors are executing an M-iteration Doacross loop
containing only two statements. The data dependence between the statements is either lexical-
forward or lexical-backward. Assume the execution times of the two statements are equal and the
time for accessing the loop index is equally amortized to the execution times of the two statements.
Moreover, the number of the synchronization vectors is assumed suflicient to satisfy synchronization
demands, since how fast Doacross loops can be executed is the focus. The time for each operation
performed by the synchronization instructions is equal to the time for a processor to access its local
memory. The wait instruction may require multiple operations before it is finished. Summarized in

Table 2 are basic parameters and assumptions made.

Table 2: Parameters and Notations for Performance Analysis of Doacross Loops.

Parameter Nolation

The number of available processors | p

The number of iterations in the loop | M

Processor cycle T

Loop-body statements Sy, Sa

Type of data dependence lexical-forward or lexical-backward
Dependence distance dandd <p
Granularity of loop bodies S, Sy t/T

Time for loop index access amortized over ¢
Synchronization overhead in using ¢ = k7 for some
memory-based barriers integer k

Let T denote the execution time of a loop being executed sequentially and T, the execution

time of a loop being executed in parallel. The speedup, 5, is defined to be the ratio of T to T,
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The efficiency, E, of a system is defined as the ratio of S, to p. Evaluated below separately are the
performances of loops with constant, lexical-forward dependence distances and loops with constant,

lexical-backward dependence distances.

If the lexical-forward dependence Doacross loop is executed sequentially by a processor, an
iteration is finished within 2¢ time. Altogether, it takes 2M 1 to finish executing the loop. On the
other hand, if the loop is executed in parallel by p processors, p loop iterations can be finished within
2t + 37 time, of which 2¢ is spent for executing the two statements and 37 for executing the three
inserted synchronization instructions. It takes totally [%] - (2t 4 37) time to execute the loop in

parallel.

The time to execute the lexical-backward dependence Doacross loop sequentially is the same
as that to execute the lexical-forward dependence loop. If the loop is executed in par;mllcl, only d
loop iterations can be executed at the same time, and it takes 2¢ + 37 time to finish an iteration.
Therefore, it takes totally [%] +(2t + 37) time to execute the loop in parallel. Similarly from 7} and

Ty, Sp and E can be derived. The results are summarized as follows.

T, = 2Mt
T, = [41(2t+37)
9 %“% (2)
E = 2« 5
» 2432

For S, > 1, we have 2—42_‘5,_‘3 > 1, arr & %(ci — 1)t. Since 7 must be greater than 0, d must be
greater than one. That means it is feasible to execute in parallel a lexical-backward dependence
Doacross loop only when its dependence distance is more than one. Intuitively no more parallelism
can be exploited from a lexical-backward dependence loop with a dependence distance of one because
the loop iterations must be executed sequentially. This intuition coincides with our derivation above.

Also, we have % <FE< %. Clearly it is not feasible to use many more than d processors to speedup

the execution in this case.
E. Memory-Based Barriers

The memory-based barrier scheme [17, 18] assigns one synchronization variable in the memory
for each statement that is a source of data dependence. The variable is shared among all instances
of that statement. Two synchronization instructions are used: test and testset for this purpose. The
test instruction takes two arguments: a variable to be tested and a dependence distance; it waits

until the dependence is resolved. The testset instruction takes a variable as its only argument; it tests
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the variable to see if the previous iteration has completed; it then signals the event by incrementing

the variable by 1. The scheme partially serializes the loop, because it updates the synchronization

variables sequentially.

Figure 10 shows the execution sequences on four processors for the previous lexical-forward-

dependence Doacross loop example using the memory-based barriers. Note the exact timings are

not specified in the execution sequences.

Processor ” Py Py Py
Ezecution S 55 Sy Sy
Sequence | testsel(R) testset(R) testset(R) testset(R)
S ! 1 |
4 S 53 | l
testset(R) 57 58 1
| testset(R) 57 S3
S3 i testset(R) R
S5 58 ] testset(R)
testset(R) 510 53 1
| testset(R) s S5

Figure 10: Execution sequences for synchronizing a lexical-forward-dependence Doacross loop with
a dependence distance of one on four processors.

We want to estimate the time to execute a lexical-forward-dependence Doacross loop. Let I
denote the execution time of a loop being executed in parallel using the memory-based barriers.
Assume each operation by the test instruction takes 7, processor cycles and each operation by the
testset instruction takes 7 processor cycles. Note that the test and the testset instructions may take
multiple 71 and multiple 7, cycles, respectively. Usually, it takes more time to update a variable than

to read a variable, i.e. 75 > 7.

The execution of the testsef instruction requires further arbitration if there are multiple updates
being performed at the same time. As a result, 7 should be one to several orders greater than ,
depending on how large is the system and how the arbitration is implemented. The value of 7

increases rapidly, as the number of processors increases.

To estimate T}, for the loop being executed in parallel, two conditions are considered: (1) the
execution of the testset instruction fully overlaps with the execution of statements S; and S5, or (2)
the execution of the testset instruction does not fully overlap. The first condition occurs when one
processor starts executing the festset instruction and all the other processors finish executing the
same instruction. Thus no delay is incurred. It can be seen that ¢ must be greater than or equal to

P—;l'rg. The second condition occurs when one processor starts executing the festset instruction and
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some other processors have not finished executing the same instruction. Thus some delay is incurred

for updating the variable sequentially. It can be seen that ¢ must be less than P;—]rg.

Based on these two conditions, ']';, is estimated as:

T,g{(‘lt-&—ﬁ)-%-l-(p—l)-rg iftzf’;—lrz 3)
P (M+p-1)-7 ift < 251ln '

Note my proposed scheme requires a time of [%"[ (24 37) to execute the loop. If the loop is executed
only by a small number of processors, the execution time of using hardwired barriers is comparable
to that of using memory-based barriers. On the other hand, if the number of executing processors
is large, ¢ will be less than P;—I’rg. Compared to the hardwired barrier, the memory-based barrier

scheme should require more time to execute the loop in parallel.

10 Comparison with Memory-Based Barriers

Let ¢ = 73/7 be the synchronization overhead in using memory-based barriers. Typically, this
overhead is O(10) to O(10*) of the processor cycle (7). Figure 11 illustrates the times to execute
lexical-forward-dependence loops using the hardwired barrier scheme or the memory-based barrier
scheme. The number of the loop iterations is set to 1K, 8K, or 64K; the number of processors in the
system is set to 16, 256, or 4,096. As the granularity of the loop body, t/7, increases, the memory-
based barrier scheme performs closer to the hardwired scheme. Unfortunately to be close, the ratio
t/T becomes a very large number and it increases rapidly as the machine size increases. For example,
for a 4,096-processor system, the ratio ranges from 10 to 10°, if the overhead ¢ ranges from 10 to
1,000. This means it is not feasible to use the memory-based barrier scheme to explore fine-grain

parallelism due to its long latency.

In the worst case when /7 approaches 1 in the 16-processor system, using the memory-based
barrier scheme takes about 30 times more time than using the hardwired scheme for the overhead
¢ = 10, 300 times for ¢ = 100, or 3000 times for ¢ = 1,000. When ¢/7 approaches 1 in the 256-
processor system, using the memory-based barriers takes about 500 times more time than using the
hardwired scheme for ¢ = 10, 5,000 times for ¢ = 100, or 50,000 times for ¢ = 1,000. When t/7
approaches 1 in the 4,096-processor system, using the memory-based barrier scheme takes about
10* times more time than using the hardwired scheme for ¢ = 10, 10° times for ¢ = 100, or 10°
times for ¢ = 1,000. This clearly proves the superiority of the hardwired barrier scheme over the

memory-based barrier scheme.

Figure 12 shows the execution sequences on four processors for the previous backward-dependence
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Figure 11: Timing analysis of Doacross loops with forward dependence using hardwired barriers
compared with using memory-based barriers. (c: synchronization overhead)



Doacrossloop example using the memory-based barrier scheme. Again, no timing information is given

or implied. A substantial amount of delay is incurred with updating the shared variable and waiting

Processor P Ps P Py
Ezecution | test(R, 2)  test(R, 2) test(R, 2) test(R, 2)
Sequence St 52 | |
si 55 I |
(! testset(R)  testset(R) | |
test(R, 2) | 53 1
| test(R, 2) 53 51
| | testset(R) sS4
5 l test(R, 2)  testset(R)
58 58 | test(R, 2)
testset(R) 53 | |
test(R, 2)  testset(R) ST |
| test(R, 2) 54 58
| | testset(R) S5
57 ) test(R, 2)  testset(R)

I'igure 12: Execution sequences for synchronizing a lexical-backward-dependence Doacross loop with
a dependence distance of two on four processors.

for dependence resolved. The time for executing the loop in parallel is estimated as:
mi AJ
T [0+ (d+ )7 (4)

Compared to the proposed scheme which demands [%1 (2t+437) time in this case, the memory-based

barrier scheme requires more time to finish executing the loop.

Figure 13 shows the times to execute lexical-backward-dependence loops using the hardwired
barrier scheme or the memory-based barrier scheme. The number of the loop iterations is set to 1K,
8K, or 64K; the number of processors in the system is set to 16, 256, or 4,096. As the granularity
t/7 increases, the memory-based barrier scheme performs closer to the hardwired scheme. In the
finest case when ¢/7 approaches 1, using the memory-based barrier scheme takes 6, 60, and 600 times
longer execution time than using the hardwired scheme with respect to memory overhead ¢ = 10,

100, and 1,000 cycles, respectively.

The time difference between the hardwired scheme and memory-based barrier scheme for ex-
ecuting backward-dependence loops is less than that for executing forward-dependence loops, due
to limited parallelism in backward-dependence loops. Even so, this still proves the superiority of
the hardwired scheme over the memory-based barrier scheme. Table 3 summarizes the estimated
speedups of using the hardwired scheme over using the memory-based barrier scheme to execute

fine-grain Doall and Doacross loops, when the granularity ¢/7 approaches 1.
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with using memory-based barriers. (¢: synchronization overhead, d: dependence distance)
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Table 3: Estimated Speedup of Hardwired Barriers over Memory-Based Barriers.

Loop Processor | Synchronization Overhead, ¢
Type No. p 10 | 100 1,000
16 107 | 10° 10*
Doall 256 10% | 107 10°
Loops 4,096 107 | 10° 10°
16 6 60 600
Doacross 256 G 60 600
Loops 4,096 6 60 600

Conclusions

Towards scalable multiprocessing, we have proposed a distributed barrier architecture for
fast synchronization. The hardwired barriers are demonstrated by parallel execution of Doall and
Doacross loops. The wired-NOR mechanism is shown effective to implement partially-ordered bar-
riers as well as fuzzy barriers. The mechanism requires no network transactions, while processes are

waiting for the barrier wires to signal completion.

The proposed hardwired barriers are expanded with hierarchical buses. This introduces only a
logarithmic growth of the incurred latency. Based on today’s electronic and bus packaging technolo-
gies, the hardwired barrier synchronization can be done as fast as in 300 ns for a shared memory
system with 4,096 processors. To apply the hardwired barriers, we have developed a complete set of
synchronization primitives. Beyond parallel loop execution, the hardwired barriers can be applied

for general purpose, MIMD synchronization in large-scale multiprocessors.

The proposed hardwired scheme is especially attractive to implement fine-grain, MIMD paral-
lelism in future massively parallel processors (MPP). In fine-grain MPPs, the synchronization latency
must be maintained as low as possible. With a few processor cycles, the hardwired barriers are ideal
for building such large-scale systems. The increased cost of adding the hardwired synchronization
buses is rather limited, because only limited barrier wires are needed. The lower-level wires can
be implemented on backplane buses. The higher-level wires can be implemented with flat or coax-
ial cables interconnecting the multiprocessor clusters. It would be meaningful to see these claimed

advantages be verified through prototyping experiments by MPP manufacturers in industry.
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