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Abstract

In this paper, we present a highly customized, user-level communication protocol called the Wide-Area MPI Protocol (WAMP), developed as an alternative to the TCP/IP protocols for communication across the Internet in wide-area MPI. We discuss the design of WAMP, and present experimental results showing up to a nine-fold improvement in performance over TCP/IP in a heavily loaded network. However, TCP/IP outperforms WAMP by up to a factor of three in a lightly loaded network environment. These results lead us to believe that the best solution for wide-area MPI is an adaptive communication protocol that can switch between TCP/IP and WAMP based on the current network conditions.
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1  Introduction

As the Internet continues its explosive growth, the size and complexity of distributed applications executing on top of this infrastructure is also exploding. This grid-based computational environment, in which perhaps hundreds or thousands of computers are communicating and coordinating their computational activity across the public Internet, is becoming a dominant force in the High Performance Computing arena. Given the increasing significance of this distributed computational environment, it is critical to develop portable mechanisms through which such geographically distributed computers can communicate and synchronize over the Internet. 


The Message Passing Interface (MPI [1]) has emerged as the de facto standard for writing portable parallel programs, and an important area of current research is the efficient implementation of wide-are MPI (that is, MPI over the Internet). Clearly, the performance of wide-area MPI applications is dictated (in no small measure) by the cost of communication across the Internet, and thus an important area of current research is the development of communication techniques that can minimize such costs. 


In this paper, we present a highly customized user-level communication protocol developed to significantly decrease the communication costs of wide-area MPI applications executing in the Internet environment. This communication protocol, termed the Wide-Area MPI Protocol (WAMP), is proposed as an alternative to the standard transport protocol (TCP) currently used for both local-area and wide-area MPI communication. We present experimental results demonstrating up to an order of magnitude increase in performance in end-to-end transfer times compared to TCP in a heavily loaded network. The rest of this paper is organized as follows. In Section 2, we provide a brief overview of communication in MPI. In Section 3, we discuss the current approach to wide-area communications in MPI using TCP/IP, and propose WAMP (Wide-Area MPI), a highly customized user-level protocol, as an alternative protocol for wide-area communications. In Section 4 we present experimental results comparing the performance of the two protocols. In Section 5, we discuss related work, and we provide conclusions and future research directions in Section 6.

2 Process Communication in MPI

One of the fundamental concepts in MPI is the process group, which is essentially an ordered set of processes. Each process in a process group is identified by its rank, which is (generally) an integer value between ‘0’ and ‘n-1’ for a group consisting of ‘n’ processes. All communication between processes occurs within a communication domain, which is represented by an object termed a communicator. There are two types of communicators: intra-communicators, representing communication within the same process group, and inter-communicators representing communication between two distinct process groups. It is the inter-communicators that are of interest in this research.


Inter-communicators are important because they represent a non-trivial generalization of the SPMD programming model to include cooperating SPMD computations. Also, the semantics of such inter-group communications are well defined within the MPI programming model, and (with the contributions of this research) can be efficiently implemented. Thus inter-communicators are designed to enable grid-based computations, where different process groups may reside on different high-performance computational clusters all of which are interconnected through the global Internet.


Processes in MPI communicate with one another by sending and receiving messages, whether the communication is taking place within the context of an inter-communicator or intra-communicator. Data transfer from one process to another requires operations to be performed by both processes. Thus, for every MPI send, there must be a corresponding MPI receive performed by the process for which the message is bound. This implies that the recipient of a message has (or will) allocated a buffer large enough to accommodate all of the data within the given message. This fact can be leveraged by our protocol to significantly reduce communication times across the Internet. 

3 Communication Protocols

Currently, MPI employs TCP for all communication between processes both within a process group and between process groups. In this section, we discuss and compare TCP and WAMP for Internet-based communication. 

3.1 TCP/IP

TCP/IP is the standard transport protocol over the Internet and provides adaptive algorithms that cater to a wide variety of network conditions while guaranteeing the reliability of data transfer. TCP requires an explicit logical connection to be established at the beginning of a data transfer that stays open during the entire period of the transfer and is torn down at the end of the sending cycle. At the heart of TCP is a sliding window algorithm that guarantees reliable, in-order transfer of data. The window starts at the beginning of the data buffer and gradually slides towards the end of the buffer as packets start reaching their destination and are acknowledged. TCP supports out-of-order arrival within the current window limits, and the reliability of the data transfer is guaranteed through packet acknowledgements (termed ACKs) and retransmissions. 


TCP employs a slow-start mechanism for network congestion control. When ACKs do not arrive for packets that were sent out, or when the rate of  ACK receipt is very low compared to the rate of sending packets, then TCP assumes congestion in the network and slows down its rate of sending packets. In slow-start mode, TCP sends out one packet at a time and waits for the ACK of that packet. As the rate of receiving ACKs starts to improve, TCP gradually increases the rate at which packets are transmitted. While this approach does not yield particularly good performance, it does ensure that TCP does not create/worsen congestion in a heavily loaded network.

3.2 Wide-Area MPI Protocol (WAMP)

Given that TCP is a generic all-purpose protocol, there are significant opportunities for performance enhancements to suit specific applications. WAMP is one such example that is suited particularly for wide-area MPI communications. It leverages the fact that the communication requirements of wide-area MPI can be met with a very simple, scaled-down user level protocol. There are three aspects of this user level protocol that have a tremendous impact on the performance of WAMP: the transmission window size, the ability to handle out-of-order data arrival, and a less intensive acknowledgement and retransmission policy.

3.2.1 Transmission Window Size

The size of the transmission window is generally determined by the size of the buffer space available. Since TCP operates at the kernel level, the size of the transmission window is governed by the amount of kernel buffering available (which is generally quite small when compared to the amount of memory available at the user level). WAMP on the other hand operates at the user level, with a pre-allocated send and receive buffer. This essentially gives WAMP a window size that spans the full extent of the send/receive buffer. 

3.2.2 Out-of-Order Data Arrival

TCP supports out-or-order data arrival only when a packet falls within the given transmission window, and out-of-order packets arriving outside of this window are simply discarded. This is in contrast to WAMP that, as discussed above, has a transmission window that effectively spans the entire (user-level) data buffer. WAMP supports random arrival times by the sender attaching a sequence number to each packet. The receiver uses this sequence number to place the data in its rightful place within the receive buffer.

3.2.2  Acknowledgements and Retransmissions

WAMP adapts a less stringent acknowledgement scheme that that employed by TCP. Instead of waiting for an individual ACK for each packet sent, the protocol continually sends out data packets during what can be termed a data sending cycle. The sending cycle continues until some percentage of the whole data transfer has been sent out on the network. The sender then moves into what can be termed an ACK receiving cycle, where the sender waits for some pre-specified amount of time to receive ACKs from the destination process. 


An acknowledgement message is simply an array of bits with one bit representing one particular packet. When an ACK message arrives during the receiving phase, the sender scans the array of bits and resends any packets that were sent but that have not (yet) been received by the destination process.  In a similar fashion, the destination process receives the packets, reads the packet number, and places the data at the appropriate place within the receive buffer. The destination process sends an ACK message to the sender when either a timeout interval has expired or a pre-specified percentage of the total amount of data has been received. 

4  Experimental Results

All experiments were conducted between the IIT campus SGI Challenge L Server and an SGI Origin200 located at Argonne National Laboratory. The experiments used only a single processor on each machine. Data transfers between the hosts took place through the Internet with a hop count of at least 16. Thus all typical wide-area network behavior, including congestion, high latency, and packet losses were observed during experimentation. WAMP employed UDP/IP for all data transfers. 

4.1 Impact of WAMP Parameters on Performance

The first task was to decide on certain parameter settings that optimized the performance of WAMP. We found two such parameters that had a significant impact on performance: the size of the UDP packet (datagram) and the acknowledgement frequency. First consider the UDP packet size. Figure 1 shows the averaged variation of the end-to-end transfer times based on the packet size. As can be seen, the optimal packet size (or at least optimal with respect to this set of experiments) was 4KB.  While there was some variation of results with different total buffer sizes, loads on the two hosts, and network conditions, our experimentation suggested there was not enough of a difference to warrant the extra complexity of an adaptive packet size. 

Next, we investigated the impact of acknowledgement frequency on the performance of WAMP. Figure 2 shows the results of this experimentation. We again observed variations in results based on network and hosts loads, but this variation was not significant enough to warrant an adaptive acknowledgement rate. As can be seen, an ACK rate of approximately 10% provided the best results, and this was the acknowledgement rate used in all experiments reported here. 

4.2 Comparison of TCP/IP and WAMP

We now compare the performance of WAMP and TCP/IP. It turns out that the relative performance of the two protocols was significantly affected by the load on the network. In particular, TCP/IP provided better performance than WAMP on a lightly loaded network, and the opposite was observed in a heavily loaded network. We present these results in Figure 3. 

As can be seen, TCP/IP offers better performance when the network is lightly loaded. This difference is largest with a total buffer size of 400 KB, where TCP/IP achieves a bandwidth approximately three times that achieved by WAMP. Such a lightly loaded network serves as the best case environment for TCP/IP since it results in a smooth and (almost) uninterrupted sliding of the transmission window without experiencing significant packet loss and retransmission.


The results are completely reversed when the network is heavily loaded. In this case, WAMP achieves significantly higher bandwidth than TCP/IP, this difference approaching a factor of nine with the 400 KB total buffer size. The reason for this significant performance disparity has to do with the slow start mechanism of TCP when the network becomes congested. In particular, TCP starts to send out data packets at a very slow rate when congestion in the network is detected. WAMP on the other hand does not attempt to modify its behavior based on network congestion, and maintains a near constant flow of packets onto the network regardless of network conditions.  
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Figure 1. This figure shows the effect of UDP packet size on the performance of WAMP.
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Figure 2. This figure shows the impact of the acknowledgement frequency on the performance of WAMP.

5 Related Work

Significant research has been performed on the optimization of point-to-point and/or collective communications in MPI (e.g. [2,3,4]). However, the bulk of this research has been performed within the context of intra-communicators (i.e. communications within the same process group), and the results do not generalize to the inter-communicator case where the communication is between process groups 

that are (in general) separated by a wide-area network. 


Several papers (e.g. [5,6,7]) discuss the performance of TCP across wide-area networks, highlighting the limitations of TCP for high-performance wide-area transfers. These studies provide significant motivation for our research, and add weight to our claim that alternative approaches to TCP for wide-area transfers should be investigated.


There has also been significant investigation related to improving the performance of TCP in wide-area networks In general, this research is addressing modifications at the kernel/OS layer to improve performance. Other researches have proposed user-level UDP protocols as an alternative to TCP [8,9]. This work is complementary to the work presented here in that it is proposing mechanisms to inject data into the network at high, steady rates. Our approach is to both minimize the number of communications across a wide area as well as maintaining a steady flow of packets into the network. 

6 Conclusions and Future Research

This paper has described WAMP, a highly customized user-level communication protocol for communication between process groups across the Internet in wide-area MPI. It was shown that WAMP achieves up to a nine-fold increase in performance relative to TCP/IP in a heavily loaded network. However, it was also shown that TCP/IP outperforms WAMP by up to a factor of three in a lightly loaded network. These results suggest that the best implementation option for wide-area MPI would be an adaptive protocol that uses TCP/IP when the network load is light, but shifts to the WAMP protocol when the network becomes congested. This is an area of current research.
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Figure 3. This figure depicts the bandwidth achieved by TCP and WAMP when the network is lightly loaded.
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Figure 4. This figure depicts the bandwidth achieved by TCP and WAMP when the network is heavily.
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						4096		4		0.2		4		0.1		1		1.464
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						60004		4		0.2		4		0.1		1		2.136
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				DATASIZE		PACKETSIZE		XMT_TIMEOUT		INT_ACK_TIMEOUT		OVERFLOW_TIMEOUT		ACK_FREQ		UNINTERRUPTED		UDP-based

				400 bytes

				4 MB										0.6

				4 MB				4		0.2		4		0.4

				400 KB		4096		4		0.2		4		0.01		1		2.228

						4096								0.05				1.779

						4096								0.1				1.464

						4096								0.2				1.566

						4096								0.4				1.647

						4096								0.5				1.798

						4096								0.7				2.091

						4096								0.8				4.524

						4096								0.9				5.765

						4096								1				6.229

				400 KB		256		4		0.2		4		0.1		1		1.706		(NOTE: Changing packet size)

						512		4		0.2		4		0.1		1		1.657

						1024		4		0.2		4		0.1		1		1.586

						2048		4		0.2		4		0.1		1		1.569

						4096		4		0.2		4		0.1		1		1.464

						6144		4		0.2		4		0.1		1		1.505

						8192		4		0.2		4		0.1		1		1.687

						16384		4		0.2		4		0.1		1		1.792

						32768		4		0.2		4		0.1		1		1.901

						60004		4		0.2		4		0.1		1		2.136
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						0.0437		0.0119		0.104		2.643

						0.0829		0.0121		0.071		2.171

						0.0692		0.0141		1.124		3.841

						0.0515		0.0141		1.123		7.773

						0.0471		0.0181		0.091		2.643

						0.0511		0.0121		1.145		1.844

						0.0444		0.0134		1.119		2.917

						0.0529		0.0125		1.145		4.272

						0.0433		0.0132		0.079		2.981

						0.0429		0.0121		1.136		2.012

						0.0438		0.0127		0.077		1.087

						0.0613		0.0124		1.152		6.537

						0.0582		0.0201		0.101		1.585

						0.0601		0.0131		1.124		6.672

						0.0818		0.0121		1.077		1.981

						0.0464		0.0123		1.124		3.986

				400 KB		0.814		0.102		2.028		5.936

						0.882		0.135		1.121		11.801

						1.919		0.125		1.006		21.226

						0.961		0.106		2.121		19.993

						1.851		0.162		2.116		4.614

						0.909		0.163		1.037		13.021

						0.907		0.146		2.108		6.468

						0.935		0.186		3.017		18.276

						0.913		0.149		1.042		6.416

						0.885		0.137		1.092		14.973

						1.898		0.216		1.108		2.981

						0.715		0.162		1.164		11.893

						0.912		0.414		0.965		7.404

						0.804		0.532		1.111		23.892

						0.811		0.154		1.117		8.771

						0.856		0.758		3.025		2.643

						0.932		0.147		2.134		2.171

						1.121		0.181		0.944		2.841

						0.985		0.156		1.003		13.775

						0.909		0.184		1.189		26.682

						0.935		0.143		1.128		27.403

						0.885		0.174		2.155		2.623

						0.811		0.254		1.035		4.945

						1.112		0.145		2.351		2.979

						0.939		0.212		0.939		5.091

						0.866		0.294		0.971		52.495

						0.911		0.130		1.127		13.197

						0.881		0.136		0.948		7.582

						0.922		0.110		1.111		2.366

						0.919		0.301		1.031		6.267

				4 MB		12.864		5.345		11.675		47.531

						9.841		5.266		14.093		87.041

						10.725		6.389		16.674		49.171

						11.591		5.669		13.206		58.721

						9.089		5.478		12.541		59.345

						10.473		6.125		12.567		44.783

						9.543		6.786		14.089		34.888

						11.858		5.796		16.571		33.498

						13.009		6.102		15.481		32.027

						11.811		5.982		12.302		43.791

						11.198		6.228		14.793		29.433

						12.054		5.556		11.441		18.437

						12.422		6.116		13.101		44.278

						10.248		5.247		14.934		29.009

						11.745		5.774		13.216		74.385

						11.622		6.332		12.429		32.406

						11.485		5.447		15.003		64.712

						13.358		5.571		12.944		65.571

						12.228		5.825		16.297		27.331

						13.239		6.239		14.411		51.451

						13.484		5.447		12.439		27.236

						12.214		6.225		10.994		25.245

						11.844		6.876		12.921		30.201

						11.822		5.889		12.827		49.016

						11.435		6.104		12.899		31.641

						12.391		5.255		13.925		62.608

						11.554		5.298		11.091		40.015

						11.451		5.864		13.686		34.772

						12.497		6.887		12.981		26.011

						11.546		6.107		14.779		36.662

				40 MB		133.09		71.12		133.35		304.13

						135.25		66.56		134.10		278.22

						132.23		88.55		134.36		393.85

						128.71		69.36		136.32		345.51

						131.06		69.37		131.99		229.08

						129.08		71.89		128.65		274.94
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						136.58		67.01		139.18		297.85
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						131.31		80.04		139.44		272.56

						134.40		97.93		134.22		295.29

						136.22		82.05		132.48		314.16

						132.21		66.18		127.45		382.13

						129.12		67.70		136.22		277.56

						124.20		64.79		134.85		313.56

						138.87		78.20		143.58		272.07

						126.22		83.73		132.28		363.02

						122.21		76.52		142.39		375.27

						119.12		59.96		144.84		509.51

						134.20		76.85		132.14		390.39

						128.87		73.63		128.44		396.16

						124.68		85.24		128.22		365.94

						125.01		59.06		124.35		293.18

						128.45		62.83		133.91		321.84

						129.11		76.43		125.54		330.35

						128.65		55.51		124.51		336.16

						133.35		62.71		134.97		275.94

						134.10		54.41		135.46		343.18
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				DATASIZE		UDP-based		TCP		(NOTE: The UDP parameters are optimal)

				400 bytes		0.0369		0.0862										12.422

						0.0224		0.0463										10.248

						0.0266		0.0592										11.745

						0.0567		0.1703										11.622

						0.0387		0.0782										11.485

						0.0465		0.1431										13.358

						0.0234		0.0854										12.228

						0.0319		0.0427										13.239

						0.0199		0.0392										13.484

						0.0272		0.0666										12.214

				4 KB		0.0513		0.0515										11.844

						0.0379		0.1587										11.822

						0.0403		0.0668										11.435

						0.0483		0.1081										12.391

						0.0419		0.1451										11.554

						0.0241		0.0835										11.451

						0.0195		0.0728										12.497

						0.0176		0.1719										11.546

						0.0362		0.1026

						0.0297		0.1004

				40 KB		0.063		0.171

						0.053		0.308

						0.051		0.197

						0.067		0.169

						0.061		0.136

						0.053		0.143

						0.074		0.211

						0.051		0.138

						0.069		0.209

						0.078		0.159

				400 KB		0.939		2.303

						0.945		5.218

						0.881		1.584

						0.968		1.438

						0.973		1.818

						1.011		1.247

						0.978		1.242

						1.077		2.642

						0.913		1.681

						0.992		1.395

				4 MB		9.454		19.686

						9.672		20.944

						9.255		25.475

						11.171		18.504

						11.962		20.904

						10.931		18.138

						8.566		24.201

						10.979		25.018

						10.519		33.967

						12.177		26.026

				40 MB		124.403		246.159

						126.221		215.944

						122.212		143.176

						119.118		171.836

						134.198		180.347

						128.874		186.159

						124.684		225.944

						125.012		193.176

						128.452		181.836

						129.111		170.347
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				DATASIZE		PACKETSIZE		XMT_TIMEOUT		INT_ACK_TIMEOUT		OVERFLOW_TIMEOUT		ACK_FREQ		UNINTERRUPTED		UDP-based

				400 bytes

				4 MB										0.6

				4 MB				4		0.2		4		0.4

				400 KB		4096		4		0.2		4		0.01		1		2.228

						4096								0.05				1.779

						4096								0.1				1.464

						4096								0.2				1.566

						4096								0.4				1.647

						4096								0.5				1.798

						4096								0.7				2.091

						4096								0.8				4.524

						4096								0.9				5.765

						4096								1				6.229

				400 KB		256		4		0.2		4		0.1		1		1.706		(NOTE: Changing packet size)

						512		4		0.2		4		0.1		1		1.657

						1024		4		0.2		4		0.1		1		1.586

						2048		4		0.2		4		0.1		1		1.569

						4096		4		0.2		4		0.1		1		1.464

						6144		4		0.2		4		0.1		1		1.505

						8192		4		0.2		4		0.1		1		1.687

						16384		4		0.2		4		0.1		1		1.792

						32768		4		0.2		4		0.1		1		1.901

						60004		4		0.2		4		0.1		1		2.136






