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Abstract

For cache coherent distributed shared memory on
a large scale parallel machine, each node processor
of JUMP-1 shares a global virtual address space
with two-stage TLB implementation. The directo-
ry is attached not to every cache line but to every
page, while the data is transferred by the unit of
a cache line. Reduced Hierarchical Bit-map Di-
rectory schemes (RHBDs) are introduced to man-
age coherent messages to a large number of nodes
which share a page. Using a hierarchical structure
of a network RDT(Recursive Diagonal Torus), co-
herent messages for RHBD are multicast quickly
to local area of the source node.

From the results of the simulation, all schemes
of the RHBD support almost a half latency of the
traditional directory scheme based on 1 to 1 mes-
sage transfer.

1 Introduction

Cache Coherent Non-Uniform Memory Access ma-
chine (CC-NUMA) is one of hopeful candidates
for massively parallel computers. It provides
distributed main memory, scalable interconnec-
tion network, and directory-based coherent cache.
JUMP-1 is a massively parallel processor pro-
totype with cache coherent distributed shared
memory developed by collaboration between 7
Japanese universities[6]. The major goal of this
project is to establish techniques for building an
efficient distributed shared memory on a massive-
ly parallel processor. As shown in Figure 1[3][6],
JUMP-1 consists of clusters connected with an in-
terconnection network Recursive Diagonal Torus
(RDT)[16] which provides both torus and hierar-
chical structure. A cluster also provides a high

speed point to point I/O network connected with
disks and high-definition video devices.
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Figure 1: Structure of JUMP-1

As shown in Figure 2, each cluster is a
bus-connected multiprocessor including 4 coarse-
grained processors(CPU), a fine-grained processor
(Memory Based Processor or MBP) which is di-
rectly connected to a main memory and the RDT
router chip. A CPU is an off the shelf RISC pro-
cessor (SUN Super-Sparc+) which performs the
main calculation of the program.

In most existing CC-NUMA
(Stanford DASH[2]/FLASH[7], MIT Alewife[8] or
STiNGJ10]), a directory entry is associated with
every cache line, and the directory without hier-
archical structure is utilized. However, this ap-
proach requires a large amount of memory for a
massively parallel processor which provides both
a large number of processors and a large amount
of memory space. However in JUMP-1, node pro-
cessors share a global virtual address space with
two-stage TLB implementation, and the directo-
ry is attached not to every cache line but to ev-
ery page, while the data transfer is performed by



RISC
Processor

I I I I
L2_Cache ‘ ‘ L2_Cache ‘ ‘ L2_Cache ‘ L2_Cache

I I I I
| Shared Bus

RISC
Processor

RISC
Processor

RISC
Processor

Cluster
Memory

Bank
(L3_Cache)

1/0 link
to Disks

RDT router
L )

RDT Network

Figure 2: Structure of a JUMP-1 cluster

a cache line. Unlike other CC-NUMAs, update
type cache coherence protocols can be utilized in
JUMP-1 for applications which require frequent
data exchange.

For supporting this approach, Reduced Hierar-
chical Bit-map Directory schemes (RHBDs) were
introduced[14][9]. In the RHBD, the bit map di-
rectory is reduced and carried in the packet header
for quick multicasting without accessing directo-
ry in each hierarchy. The hierarchical structure
of the RDT(Recursive Diagonal Torus) is suitable
for efficient implementation of the RHBD. In this
paper, the interconnection network and distribut-
ed shared memory structure are introduced with
initial evaluation results, and the current status of
the project is reported.

2 Reduced hierarchical bit-
map directory scheme

2.1 Hierarchical bit-map directory
scheme

In JUMP-1, directory entries are associated with
pages while the data are transferred by a cache
line[15] in order to reduce the required amount
of memory for the directory. Using this strategy,
both the expansion of the directory memory and
the congestion of the network caused by the large
size message transfers can be avoided.

However, in this case, number of destinations of
the coherence maintenance messages increases es-
pecially when an update type protocol is used. If
there are considerable number of destinations, it
will take a long time to send a message one after
another (sequentially). The hierarchical bit-map
directory scheme (HBD) used in COMA[4] (Cache
Only Memory Architecture) permits a message to
be transferred to different destinations simultane-
ously (i.e. multicast) through a tree structured
multicasting paths (multicasting tree).

Figure 3 illustrates the concept of the hierarchi-
cal bit-map directory scheme. Leaves of the tree
correspond to processors. A packet is first sent to
the root of the tree, and then multicast through
the tree structure. Each node multicasts a packet
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Figure 3: Hierarchical bit-map directory scheme

to its multiple branches. To specify the destina-
tion leaves precisely, an n-bit bit-map is required
at each node when an n-ary tree is used. Thus,
for m height n-ary tree, total of > 7 ; n¥bits are
required for each entry. Although the required
amount of memory is slightly larger than that of
the full-map directory scheme in which n™ bits are
required, a packet can be multicast simultaneous-
ly.

For cache consistency, acknowledge packets are
usually required. These packets are transferred
from the destination nodes (leaves) to the source
node (root), and informs the finish of invalidation
(or data update). In the hierarchical directory
method, acknowledge packets can be collected in
each hierarchy. It reduces the network traffic es-
pecially when the number of destination nodes is
large.

2.2 The RHBD

Since the HBD scheme requires look-up to the di-
rectory at each level of the interconnection, memo-
ry access latency with the HBD becomes inhibitive
on a massively parallel processor. In order to cope
with this problem, reduced hierarchical bit-map
directory scheme (RHBD) was proposed[14][9]. In
this scheme, the bit-map is reduced using the fol-
lowing techniques:

e One bit-map is provided for a level of the hi-
erarchy. The same bit-map is used at nodes
of the level.

e A packet is sent to all children of a node (thus,
broadcast) when some condition is met.

Note that the reduced directory is not maintained
at each hierarchy, but stored only at the root node
and sent in the header of a packet. Thus, no di-
rectory access is needed at the intermediate nodes,
and packets can be multicast quickly.

By the combination of the above two techniques,
three schemes, the LPRA, SM, and LARP are de-

livered:

LPRA (Local Precise Remote Approxi-
mate) scheme: A packet is first goes from a
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Figure 4: Hierarchical bit-map directory schemes

leaf (i.e. source processor) to the root node (up-
stream), and then multicast from the root n-
ode. When multicasting, (i.e. packet goes down-
stream), the bit-map is used only at the nodes on
the upstream path. For other nodes, the pack-
et is broadcast to all their children. Figure 4(a)
shows an example of this scheme for the 3-ary
tree. In this figure, ’s’, ’d” and e denote the source
leaf, the destination to which packet is sent and
leaves which receive data respectively. Using this
scheme, the bit-map is used for local nodes of the
source node, while the message is broadcast in the
remote subtree marked B. This scheme is advan-
tageous when a node sends a message to a remote
node group.

SM (Single Map) scheme: In the SM scheme,
all nodes at a level use a unique bit-map as shown
in Figure 4(b), and thus, no broadcast is made
(unless a bit-map is all-1). This scheme is advan-
tageous when the number of destination is not so
large.

LARP (Local Approximate Remote Pre-
cise) scheme: The LARP is a complimentary
scheme of the LPRA. In this scheme, a node on
the upstream path broadcasts if its parent sends
the packet to multiple nodes (i.e. a sibling also re-
ceives the packet). Once a node broadcasts, all its
descendants on the upstream path also broadcast.

In the example shown in Figure 4(c), since the
multicast starts at the level 1 (the top node (level
0) only sends a message to a child), the broadcast
(marked B) starts at the level 2 to the subtree

which includes the source node. In this case, the

level 0: 100 broadcast is done for local nodes of the source n-

ode, while the bit-map is used for remote nodes.
This scheme is advantageous when the mapping

level 2: 010 can make the best use of the locality of communi-

cation.

level 0: 100 2.3 The RHBD on the RDT

2.3.1 Interconnection network RDT

The RDT is a network consists of recursively
formed two-dimensional square diagonal tori. By-
pass links for the diagonal direction is used for

level 0: 100 reducing the diameter of the torus network. As-

sume that four links are added between a node
(z,y) and nodes (z £ n,y £ n). Here, n is called

level 22100 the cardinal number. Then, the additional links

form a new torus network (rank-1 torus) at an an-
gle of 45 degrees to the original torus, and the grid
size is v/2n times of the original torus. Similarly,
on the rank-i torus, we can make another torus
network (rank-i: + 1 torus) by providing four links
in the same manner. The maximum rank level is
[log,, V'N |, where N denotes the number of pro-
cessor. Note that, each node can select different
rank of upper tori from others.
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Figure 5: Upper rank toruses

The RDT in which every node has links to form
all possible upper tori is called the perfect RDT
(PRDT(n,R)) where n is the cardinal number
(usually, 2) and R is the maximum rank. Although
PRDT is unrealistic because of its large degree
(4(R+1)), it is important as a basis for establish-
ing routing algorithm, broadcasting/multicasting,
and other message transfer algorithms The recur-
sive diagonal torus RDT(n,R,m) is generally de-
fined as a class of networks in which each node
has links to form base (rank-0) torus and m upper
tori (the maximum rank is R) with the cardinal



number n. Note that, each node can select differ-
ent rank of upper tori from others.

The JUMP-1 must be scalable to the system
with ten thousand nodes. In this case, m is set
to be 1 (degree = 8). For this number of nodes,
the maximum rank of upper tori is 4. Thus, the
RDT(2,4,1) is treated here.

In the RDT, each node can select differen-
t rank tori from others. Thus, the structure of
the RDT(2,4,1) also varies with the rank of tori
which are assigned to each node. This assignmen-
t is called the torus assignment. Various torus
assignment strategies can be selected considering
the traffic of the network. If the local traffic is
large, the number of nodes which have low should
be increased. However, complicated torus assign-
ment introduces difficulty to the message routing
algorithm and implementation. For the JUMP-1,
we selected a relatively simple torus assignment
shown in Figure 6.
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Figure 6: Torus assignment used in the JUMP-1

In this assignment, a node has eight links, four
for the base (rank-0) torus and four for rank (1-
4) torus (Most of links for upper rank tori are
omitted in Figure 6). Note that a node with a
rank torus has neighboring nodes with tori of oth-
er three ranks. Therefore, any rank torus can be
used with a single message transfer between neigh-
boring nodes. This property reduces the diameter
and average distance between nodes.

The RDT provides various advantages as an in-
terconnection network of the JUMP-1. It includes
two dimensional mesh, and simple near-optimal
routing algorithm enables smaller diameter than
that of the hypercube (11 for 216 nodes) with s-
maller degree (8 links per node). Moreover, it in-
cludes the fat-tree of mesh structure. Using this
structure, hierarchical multicast can be efficiently
supported. This feature is important to implement
the hierarchical bit-map directory scheme treated
here.

2.3.2 Implementation of the RHBD

In the RHBD, messages are transferred on a tree
structured communication paths. However, if a
simple n-ary tree is used, following problems will
bottleneck the performance.

o If multiple nodes multicast simultaneously,
congestion may be caused around the root n-
ode of the tree.

e Depending on the location in the tree, some
messages should have transferred through the
very root of the tree just to move to neighbor-
ing node.

o It takes a large latency if a sender node at a
leaf sends a message upstream to the root of
tree.
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multicast on the RDT

However, since the RDT involves a fat tree of
tori with multiple root nodes, these problems can
be avoided. The pattern of message transfers for
emulating a fat tree is shown in Figure 7. Two
steps are required: (1) each node transfers a mes-
sage to four neighbors, (2) a neighbor transfers
the message to three neighbors. (South direction
in this figure). As shown in Figure 7(b), the eight
nodes which received the data are not duplicated
with node which received other nodes on the same
rank-i torus. Thus, if all nodes with rank-i tori ex-
ecute this pattern, the message is transferred to all
nodes with rank-(i-1) tori. By the iteration of this
data transfer from the maximum rank to the rank-
0, 8-ary tree in which is formed on the RDT. In
this case, a rank in the RDT directly corresponds
to the level of the tree. Moreover, in the RDT, the
upper rank torus can be used within a step of mes-
sage routing. Thus, the message can be directly
transferred from the sender node to the root node
without using the tree structure.

Figure 7 shows the 8-ary tree involved in the
RDT, and bit-map pattern for the hierarchical bit-
map directory scheme. When schemes described
in the previous section are applied on this 8-ary
tree on the RDT, followings are advantageous:

e On the RDT, there are a number of nodes
with the maximum rank torus, and all of them
are used as a root node. Thus, the message
multicast is almost directly started from the
root node without going upstream on the tree.



e Since there are many upper rank tori in
the RDT, the tree is a kind of "fat-tree”
which provides many root nodes in each rank.
Therefore, the congestion of root nodes is re-
laxed even if many source nodes multicast
their data simultaneously and independently.

¢ In the RDT, nodes which receive the message
through the tree whose root rank is i’ are
located around the source node. For larger
1, the number of such nodes becomes large,
thus the area which a message is multicast
becomes wide. We call such an area ”territo-
ry” of a multicast. Figure 8 shows territories
of a multicast from rank-0 and rank-1. Since
the territory of is always formed surrounding
a source node, message multicast to local n-
odes are performed from a lower rank (thus,
with only a small territory).
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Figure 8: Territory of a multicast

3 Latency analysis consider-
ing congestion

Here, the performance of the distributed shared
memory on JUMP-1 is compared with convention-
al directory scheme based on 1-to-1 message trans-
fer.

3.1 Simulation with probabilistic
model

First, the results of simulation with probabilistic
model is shown. In this model, the traffic is gen-
erated with probabilistic model. Figure 9 shows
multicast latency versus message transfer interval
of the REHBD(LPRA, SM and LARP) and tradi-
tional directory methods (1 to 1). Here, multi-
cast latency means the time required for transfer-
ring all multicast packets to destination nodes. All

packet length is fixed as 8 flits, and the size of the
system is 256 nodes. From the analysis of some
parallel programs from SPLASH benchmark suit-
s, the average number of destinations is 4-6 when
the distributed memory is managed by 4K byte
page[9]. Here, the number of destinations is set to
be 6.

In the RHBD, if destination nodes can be
mapped inside the territory, the number of unnec-
essary messages can be drastically reduced. How-
ever, it depends not only on the mapping strategy
but also on the characteristics of application pro-
grams. Here, the destinations are determined by
a random numbers which follow a given distribu-
tion. In the following graphs, average value calcu-
lated from 10,000 trials based on the random num-
ber generation library of Sun OS4.1.3 are shown.
Here, the standard deviation (SD) is set to be 5.
In this situation, since the locality of the commu-
nication is not so strong, a lot of packets are sent
beyond the territory.
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message genera-

The multicast latency is almost a half of tradi-
tional methods when the messages for cache coher-
ence are not frequent (Thus, the interval is long.).
With traditional directory methods, packets must
be transferred one after another unlike they are
simultaneously multicast by the router chip in the
RHBDs. Because of the sequential packet trans-
fer, links between the router chip and the MBP
bottleneck the network with traditional methods.

When message generation interval becomes
short, the multicast latency is rapidly increased
because of the network congestion. The inverse of
the interval which causes rapidly increasing of the
latency gives available bandwidth of the network.



The available bandwidth of the RHBD is worse
than that of traditional 1 to 1 message transfer
because of the congestion caused by unnecessary
packets.

3.2 Trace driven simulation

Figure 10 shows the results of trace driven sim-
ulation. The trace data is generated by execut-
ing Choleskey (solving a simultaneous linear equa-
tion with a large sparse coefficient matrix) from
SPLASH benchmark[12] on the execution driven
simulator MILL[13]. By limitation of the simu-
lation time, the number of processors is only 64
(8 x 8). The simplest modular mapping is adopt-
ed.
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Figure 10: Trace driven simulation

As shown in Figure 10, the latency of three
schemes of the RHBD is almost same and much
better than that of traditional 1 to 1 message
transfer. This comes from the fact that a large
part of communication in Choleskey becomes the
broadcast since the number of processors are not
so large. In this case, the bit-map used in three
RHBD methods is almost the same. The frequen-
t broadcast causes severe bottleneck on the links
between the MBP and router with 1 to 1 message
transfer.

This result demonstrates that the performance
of the distributed shared memory management
mechanism on JUMP-1 under the practical situ-
ation.

4 Conclusion and Current S-
tatus of the Project

Here, the distributed memory management
scheme on the interconnection network RDT is

described. Simulation results demonstrate the ef-
ficiency of this method under the practical situa-
tion.

Now, the JUMP-1 project is in the following
stage:

Router chip: The RDT router chip (Figure 11)
which supports all RHBD schemes shown here is
now operational.

Figure 11: The RDT router chip

The core of the chip is a 10 x 11 crossbar which
exchanges packets from/to 10 18-bits-width links
as shown in Figure 12, that is, four for the rank-0
torus, four for the upper rank torus, and two for
the MBPs which manage the distributed shared
memory of JUMP-1.
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Figure 12: The structure of the RDT router

In JUMP-1, two RDT router chips are used in
the bit-sliced mode to form 36 bits width for each
link. All packets are transferred between router
chips synchronized with a unique 60MHz clock. In
order to maximize the utilization of a link, packets
are bi-directionally transferred. Maximum packets



length is 16flits (36 bits-width 16flits-length) so as
to carry a line of the cache. 3 flits header which
carries the hierarchical bit-map are attached to all
packets, but the length of the body is variable. If
there is no conflict, the first flit of the packet can
pass through this router with 5 clocks.

The virtual cut-through (asynchronous worm-
hole) routing is adopted to cope with frequent mul-
ticasting. Although a packet can be forwarded to
the buffer in the next node while the packet is be-
ing received like a usual wormhole routing, a buffer
which can hold the maximum size packet is pro-
vided for each virtual channel. When the target
buffer is occupied, the whole packet can be stored
in the buffer inside the chip.

The simplest way of multicast is to wait for al-
1 required opposite buffers and then multicast si-
multaneously. However in this way, the opportuni-
ties of multicast are badly reduced when the num-
ber of the multicast destinations is increased. In
the RDT router chip, each buffer provides the bit-
map indicating required destination of a packet.
The packet is sent whenever the empty opposite
buffers are found, and then the corresponding bits
of the bit-map are reset. Just after the multicast
which clears all bits of the bit-map is started, the
buffer is allowed to receive the next packet.

The specification of the RDT router chip is
shown in Table 1.

Table 1: The number of gates and data of the RDT

router

Block name Gates | Number of Total
Blocks gates
Crossbar 2,927 1 2,927
Arbiter 2,736 1| 2,736
Multicast 1,558 10 | 15,580
controller
Bit map 2,288 10 | 22,880
generator
Acknowledge 2,009 1 2,009
combining
RAM for buffer | 2,021 20 | 40,420
Total 90,522
Total pins 299(Signal 260)
Power consumption 19.4W
Optimized number of gates 80,307
Rate of gate utilization 63%

MBP: The MBP consisting of Memory Module
Controller, MBP core processor, and RDT Packet
manager is now under developing by University of
Tokyo and Keio University. It will be implemented
in the CMOS SOG with 200,000 gates in the next
March.

L2 Cache and bus chip: JUMP-1 L2 cache
which is under development in Kyoto University is
a sophisticated snoop cache which provides versa-
tile facilities for the memory based FIFO[5], mixed

protocol, cache injection, and cached I-structure.
In order to avoid the electromagnetic side effect-
s caused by the shared bus, the JUMP-1 cluster
uses ”bus-chip”. This chip is a high speed switch
which behaves as if it were a passive shared bus
with the arbitration and snoop facility. L2 cache
and bus chip will be available during this year.

I/O systems: A point-to-point I/O called the
STAFF link[11] is now available for JUMP-1.
STAFF link mechanism consists of fast serial com-
munication LSI(AMD Taxi) chip sets, Send and
Receiving FIFO, and controller of them. Parallel
disk system based of the STAFF link is now being
developed on the SUN workstation.

4.1 Prototype systems of JUMP-1
In JUMP-1, the page table for the distributed

shared memory is managed by the operating sys-
tem, and the coherent messages for the cache is
managed by the MBP core. Thus, the develop-
ment of such programs is essential for JUMP-1
project.

For environment developing such a software, t-
wo prototype systems are used:

JUMP-1/3: JUMP-1/3 is a workstation cluster
system with a distributed shared memory. A
shared memory board which provides a mi-
croprocessor for protocol management is at-
tached to the SBUS of the SS5. The shared
memory board is connected with boards at-
tached to other SS5 workstations through the
RDT boards each of which provides two RDT
router chips. This system with four nodes
(Figure 13 is available now, and the software
for providing distributed shared memory is
now under development[1].

JUMP-1/2: JUMP-1/2 is a prototype multipro-
cessor which provides a commercial micro-
processor (TMS320C40) instead of the MBP.
This system is used not only for software de-
velopment but also the test of the hardware

core of the JUMP-1: L2 cache and bus chip.

Figure 13: The JUMP-1/3 workstation cluster



Based on the experiences of these prototypes,
the JUMP-1 will be scheduled to start to be built
up from the next March.
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